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Massive oily water produced in oil and gas industry is a catastrophe to the oil and water
sources on the earth. Ceramic membrane separation is a promising approach to obtain
clean water and oil fuel from oily water to mitigate this catastrophe. In this research, a
low cost and biocompatible material, hydroxyapatite (HAP), is innovatively explored as
bioceramic membranes for oily water separation. HAP powder was firstly synthesized by
chemical precipitation and solid state exchange methods, respectively. The powder was
then fabricated into membranes with various geometries such as circular pellet, dense
tube, and porous hollow fiber by different methods. The preparation, property, and oil-
water separation performance of HAP hollow fiber membranes were studied in details.
The HAP content, particle size, viscosity of HAP suspension and sintering temperature of
HAP hollow fibers all influenced the pore size, structure and oil-water separation

performance of resultant HAP membranes.
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Chapter 1. Introduction

1.1 Oil-water Separation

Massive oily water is produced in many industries, such as foods, textiles, mining,
petrochemicals, oil and gas, and metal/steel industry. Oil and gas industry is the main source of
the oily water and 250 million barrels oil contaminated water per day or 9-14 billion m3 per year
are produced?®. Discharging great amount of water directly into the environment is a potential
catastrophe to the water and soil source on the earth and is a big waste of valuable natural oil
resources.

Strict and demanding regulations of allowable oil and grease content in the produced
water have been made across different countries in the world. For example, United States
Environmental Protection Agency (EPA) requests the daily maximum limit of 42 ppm for the
discharged water and 29 ppm for a monthly average?. In China, the concentration of oil and
grease in the dismissed water is just 10ppm?3. The Australian limitation on the offshore oil and
grease discharge is 30ppm®. With the awareness of ‘greening’ earth, more strict regulations or
even laws about the oil content in water are expected in the future. Therefore, efficient and cost
effective separation technologies are desired to produce clean water and oil fuel from massive
oily water waste.

Various separation technologies have been applied for oil-water separation in past years.
Table 1-1 summarizes the advantages and disadvantages of these technologies. Except for the
membrane separation technology, other separation approaches can be classified into

conventional methods. Although the conventional methods have been employed decades ago to
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treat oily water, they are not efficient to reduce oil and grease content to satisfy the regulation
requirements. Most of them are used to pretreat the oily water to remove large oil droplets or
other contaminates in the water. Moreover, new pollutants arise from these processes since
chemicals are often needed to the separation process. Membrane technology, however, can solve
for the challenges in conventional separation methods.

Membrane separation employs a permeable or semi-permeable selective membrane
barrier that permits the transport of one or more components but restricts the other of the initial
mixtures, based on their physical or chemical differences between the permeating components
and membrane. In oily water separation, no chemical additive is required in the membrane
separation process since it is a pressure driven process and the separation depends on the pore
size of the membranes. According to materials used, membrane could be classified into inorganic
and organic membrane. Polymer membrane is widely and commercially utilized due to its wide
variability of barrier structure and properties, and robustness to control pore size, size
distribution, density and shape, but the polymer membrane separation efficiency is affected by
polar solvents, chlorinated solvents and high oil fraction®. The reusability of polymeric
membranes has been a challenge due to difficult regeneration capability by simple method such
as calcination. Inorganic membrane materials often include ceramics, metallic, carbon, glass and
zeolite. In oily water separation, the inorganic membranes exhibit higher mechanical and
chemical stability, reliability and stability, lower overall life cycle cost®. Table 1-3 shows the
characteristics of inorganic membranes when compared to organic membranes in oil-water
separation.

Table 1-1. Oil-water separation technologies®.

Method Advantages Disadvantages
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Multimedia filtration

Solvent extraction
Centrifugation

Induced gas flotation (no
flocculants)

UV irradiation

Chemical precipitation followed
by gravity settling

Adsorption

Air stripping

Pyrolysis

Incineration

Oxidation

Biological treatment

UF membrane treatment

Efficient retention of solid
particles and oil droplets larger
than 10 micrometers

Efficient, fast

Easy, robust, sustainable, no
additives

Easy to apply, energy-efficient
process

No waste stream, fast and
effective, no chemicals

Easy to process, efficient removal
of heavy metals, flexible

Short treatment process, suitable
for cold regions, compact packed
bed modules, cheap, efficient

Very fast, efficient, no chemicals,
proven technology

Large treatment capacity, fast and
effective

Rapid, complete removal of
hydrocarbons in oily sludge

Rapid and simple, complete
decomposition of hydrocarbons

Less cost and large treatment
capacity

High efficient, cost-effective, no
added chemicals, small footprint,
low CapEx and OpEx

Not effective in retention of small
oil droplets and dissolved
contaminants

High cost, not sustainable, no
heavy metal removal

High energy demand, minimal
droplet size is 2 micrometers

Removes oil droplets larger than
25 micrometers, WOR extremely
high

Expensive equipment, fouling of
UV lamps, unable to treat heavy
metals

High cost, high energy demand,
low efficiency for dissolved
components, secondary
purification for chemicals/water is
needed

High retention time, following
treatment required, heavy metals
not removed

Creates a new waste stream,
costly, impractical for small areas,
heavy metals not removed

High CapEx and OpEXx

High CapEXx, separate process to
remove ash is required, applicable
to high oil concentrations

Large number of chemicals, high
cost, disposal of toxic waste

Very slow process, large mass of
sludge produced, high footstep

Low retention of heavy metals
and dissolved organics

Table 1-2. Comparison between conventional method and membrane technology?.

Conventional method

Membrane Technology




Only suitable for pre-treatment of
wastewater for in situ reuse

Large amount of energy and chemical
additives required, economically unfit and
lower size molecules difficult to settle down

Very slow and complicated process and
required more area

Often involved spent chemical that leads to
chemical pollutants

Limited room for improvement since most
of them are rigid and exacting

Less complex & preferable for medium and
large offshore platforms

Theoretically, no chemical additives,
thermal inputs, or regeneration of spent
media

Simple operational mechanism

High reusability properties that allows
recycling

Robust, allows rooms for further
improvement and integration in development
of better performing treatment technology

Table 1-3. Advantages and disadvantages of inorganic membranes compared to polymeric
membranes’.

Pros

Cons

Long term stability at high temperatures

Resistance to hard environments (chemical
degradation, pH, etc.)

Resistance to high pressure drop

Inertness to microbiological degradation

Easy cleaning after fouling

Ease catalytic activation

High capital cost

Embrittlement phenomenon

Low membrane surface per module volume

Difficulty of achieving high selectivity in
large scale microporous membranes
Generally low permeability of the highly

hydrogen selective (dense) membranes at
medium temperatures

Difficult in membrane module sealing at high
temperature



1.2 Ceramic membrane

Ceramic membranes are one type of inorganic membranes in oily water separation.
Ceramics are defined as non-metallic solids hardened by heat and subsequent cooling according
to the Ceramic Tile Institute of America®. Generally, ceramic materials are composed of a metal
(e.g. aluminum, zirconium, titanium, calcium, iron) and a non-metal element (like oxygen,
nitrogen, phosphate or carbon), such as aluminum oxide and zinc oxide. Below, we introduce

methods for synthesis of ceramic membranes.

1.2.1 Membrane classification on morphology

When classified per their morphologies, membranes could be porous or dense and
symmetric or asymmetric. Porous membrane has a porous separation layer and the separation
efficiency (i.e. flux and selectivity) is mainly determined by the pore sizes rather than the
materials. The intrinsic properties of membrane materials of nonporous or dense membranes
account for the mobility of molecules through the membrane. Porous membranes are classified
into microporous (dp< 2 nm), mesoporous (2 nm <dp < 50nm) and macroporous (dp>50nm)
membranes based on pore sizes by IUPAC?®. Transportation mechanisms and applications of
porous and dense membranes are shown in Table 1-4. Symmetric (isotropic) membranes have a
uniform structure throughout the entire membrane and asymmetric (anisotropic) membranes
show a non-uniform structure with a selective dense or porous skin layer and a porous support.
The flux and selective in the asymmetric membranes are mainly determined by the skin layer and
the support layer provides mechanical strength and stability. In the symmetric membrane, mass
transfer depends on the total thickness of the membrane and membrane thickness decreasing
leads to higher permeation rate and lower mechanical strength. Symmetric membranes are

widely used in dialysis, electro-dialysis and microfiltration®®.
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v ,

Dense Composite

Porous

v v

Symmetric Asymmetric

Figure 1-1. Porous and dense membranes; symmetric and asymmetric membranes?!.

Table 1-4. Porous and Dense membranes.

Type Pore size (nm) Mechanism Applications
Macroporous >50 Sieving UF, MF
Mesoporous 2-50 Knudsen diffusion UF, NF.’ Gas
Separation
Microporous <2 g?;fljgisgr?re Gas Separation

Gas separation,

Dense - Diffusion Reaction

1.2.2 Ceramic membrane synthesis

Many methods can be used to make ceramic membranes, including slip casting, tape
casting, extrusion, pressing, pyrolysis, sintering of ceramic slurry, sol-gel synthesis, dip-coating,
hydrothermal treatment, chemical vapor deposition, etc'?. Generally, the ceramic membrane
contains the active layer supported on a porous support substrate. The membrane support can be

made by three mains steps: (a) mixing the ceramic powder, solvent and additives to form a



ceramic slurry; (b) shaping the slurry into designed geometries by extrusion, tape casting, or slip
casting methods; and (c) evaporating solvents and sintering the membranes.
1.2.2.1 Ceramic slurry preparation

The initial ceramic slurry is prepared by homogeneously mixing ceramic power with
solvent and other chemical additives. Many factors in the ceramic slurry influence the membrane
properties. Monodispersed ceramic power is preferred, since ceramic particles with a wide range
of size distribution will lead to large pore size distribution in the synthesized ceramic
membranes. The small particle sizes often reduce the pore size and flux but enhance the
mechanical strength of the final sintered membranes. There are some empirical equations that
correlate the tensile strength of a support o, pore size dp and grain size dg. The tensile strength ot
is proportional to 1/\/d—g. Large grain size results in small tensile strength®3. The ratio of pore

size dp and grain size dg is between 2:5 and 2:3%4. However, this ratio is significantly affected by
the grain shape. Higher particle to total slurry ratio (packing density) strengthens the membrane
and declines the membrane permeability. The highest packing density 0.74 could be achieved by
ordered packing of uniform spherical grains in parallel hexagonal arrangement (Barlow packing)
if only uniform grains are considered®®. This highest packing density or even higher packing
density could be reached by addition of small size grains into the suspension. In the slurry,
ceramic grains should be equally and separately dispersed in the solvent. Therefore, essential
chemical additives like dispersant and binder are needed to prevent the agglomeration of grains
and cracks in the green membranes. Table 1-5 shows the common additives and their
corresponding functions. More detailed information will be introduced in chapter 3.

Table 1-5. Summary of functions of additives in the ceramic slurry*?.

Additive Function

-7-



Suspends the ceramic powder and dissolves additives and

Solvent binders that form the initial slurry

Increases the electrostatic repulsion or the steric
Deflocculant/dispersant hindrance of grains in aqueous and non-aqueous
suspensions, respectively, and prevents aggregation

Maintains green body features and prevents cracking

ENTED at drying and sintering

. Penetrates the binder to structurally expand it and
Plasticizer . R

improve its distribution in the slurry

Antifoam Prevents or destroys foam
Lubricant Helps in releasing the green body from its mold
Chelating agent Inactivate undesirable ions
Fungicide/bactericide Stabilizes against degradation with ageing

When particles are homogeneously dispersed in the slurry with adjustable amounts of
additives, the slurry is ready for shaping after an additional degassing process to remove
potential air bubbles by vacuum pump and a gentle stirring. The membrane shape determines the
method used. In general, plate, tube, hollow fibers and honeycomb monoliths are prepared by dry
pressing, extrusion or slip/tape casting. More information about how to prepare desired shape
membrane will be discussed in chapter 3.
1.2.2.2 Sintering

The last step to finalize the properties of the membrane is a heating process containing
dry (pre-sintering), thermolysis and sintering to remove the solvent and additives and harden the
membranes. In the dry process, all the solvent evaporates at room temperature or lower than 200
°C, but the chemical additives still exist and promote to sustain the membrane morphology.
Concurrently, particles come to contact with each other directly. The dry step is the only
reversible step among the heating process and addition of solvent will recovery the original green

membrane condition. Thermolysis removes the chemical additives such as binders and
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plasticizers at high temperature, which results in the decomposition of chemical additives into
volatile organic compounds and carbon residues. Removal of the chemical additives could lead
to the pore, which is expected for preparation of porous membranes. However, incomplete or un
appropriate removal of additives defects the membrane and then affects the membrane
performance. One important factor for themolysis is the binder. Higher binder concentration will
lead to the formation of non-volatile compounds, which must be avoided during the manufacture
process. The ratio of binder to particle volume should be below 0.08-0.15 to prevent the
formation of non-volatile compounds?®®. Thermoplastic binders can result in pore formation and
thermoset binders may bring cracks in the thermolysis process. After the optimization of binder
(kind and amount) and thermolysis process (condition, heating rate and duration time), green
membrane should keep its structure without cracks, distortion, deformation or expanded pores.
Figure 1-3 shows the density and grain size variation with each heating step. In the drying

process, grain size and density do not change. In the thermolysis, rapid densification with little



grain growth occurs, but rapid gran growth with little densification happens in the final sintering

stage.

Sintering

1100-1600f == === == === == ---====—-==—

&

g \

‘S Sintering ramp

@ Thermolysis,

E 300-600p====sses=e Cooling ramp
-

Heating ramp
100-200|=--

-
L

Time, h
Figure 1-2. The three stages of heating—drying, thermolysis and sintering between the final
membrane and green membrane body.

Density or Grain size
shrinkage
(%)
—»
(I) (i) (1)
& >« Pl

Temperature (°C)
I =

Figure 1-3. Density or shrinkage and grain size of power compact as a function of the sintering
temperature!’. (1) Drying (11) Thermolysis (I11) Sintering.
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Sintering is the finishing and most important stage in the heating treatment of membrane.
Sintering is a process that consolidate the materials by heating. Sintering types contain solid-
state, liquid phase, viscous sintering and verification. Solid state sintering, especially solid state
pressure less conventional sintering is widely applied in the ceramic membrane heating treatment
process. The sintering temperature ranges between 0.5~0.9 of the melting point of the ceramic
particles'®. Sintering process could be kinetically divided into initial, intermediate and final
stages.

The characteristics of each stage are shown in Table1-6 and Figure 1-4. During the
heating process, external energy liberates atoms within the grain. As shown in Figure 1-4, a solid
neck arises between two contact grains due to the mobility within the grain. Diffusion between
the surface and inner vacancies promotes the formation of the solid neck and grain boundary
diffusion supports appearance of channel like pores. These channel like pores collapse to
separated voids, which are excluded during the final sinter stages.

The sintering process is very complicate and two factors should be remarked, grain
growth and pore evolution. Grain growth describes the grain size increasing process at
sufficiently high temperature. The driving force of grain growth is the decrease in grain
boundary energy due to the decrease in the surface area. The difference in the grain boundary
energy promotes the grain growth and grain boundary energy of all grains are same in the stable
structure. The shape of the grain tends to turn into hexagon, since the grain boundaries are
straight when the edge number equals to 6. Grains with edge number larger than 6 tend to grow
and grains with edge number smaller than 6 tend to shrink. The grain growth leads to the pore
evolution. A pore is circled around by N number of grains and N is called the pore coordination

number. In the pore evolution process, the surface of the pore moves to the center of curvature.
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Pore with N< 6 will shrink while pore with N> 6 will expend. When N equals to 6, the pore is
metastable and pore size might decrease or increase. For a dense membrane synthesis, the pore
with N <6 is preferable. Another common term to describe the sintering is coarsening, which
contains both the grain growth and pore evolution process. Large number of factors influence the
sintering. Even tiny factors in the synthesis process might affect the sintering. For example,
higher sintering temperature promotes the densification of the membranes with superior
mechanical strength, low porosity and flux. Smaller grain size leads to denser membranes with

higher mechanical strength, as shown in Figure 1-3.

(a) () (c)

Figure 1-4. A two sphere sintering model for a qualitative mechanism for grain growth in porous
power compacts: (a) particles of slightly different size in contact; (b) neck growth by surface
diffusion between particles; (c) grain growth*?,

Table 1-6. Microstructural changes observed in solid state sintering'’.

Additive Function

« Surface smoothing of particles

» Grain boundaries form, neck growth

Initial: rapid interparticle neck growth by

diffusion, vapor transport, plastic flow or

viscous flow. » Porosity decreases <12% and linear
shrinkage of 3-5%

» Density up to 0.65 of the theoretical

Rounding of interconnected, open pores

-12 -



Intermediate: begins when the pores have
reached their equilibrium shapes as
dictated by the surface and interfacial
tensions. It normally covers the major
part of the sintering process. Shrinkage is
induced by grain growth and a change in
the pore geometry. More than one mass
transport mechanism may be contributing
significantly to the changes in
microstructure.

Final: the pores are assumed to shrink
continuously and may disappear
altogether

Equilibrium pore shape with continuous
porosity

Shrinkage of open pores intersecting
grain boundaries

Mean porosity decreases significantly

Slow grain growth (differential pore
shrinkage, grain growth in
heterogeneous material)

Density range from 0.65-0.90 of the
theoretical

Equilibrium pore shape with isolated
porosity

Closed pores intersect grain boundaries

Pores shrink to a limited size or
disappear

Pores larger than grains shrink relatively
slowly

Grains of much larger size appear
rapidly

Pores within larger grains shrink
relatively slowly

Ceramic membrane has showed good separation efficiency for oil water separation. A
rejection of up to 99% of oil by Al203, TiO2/Al203 and TiO2 membranes was reported by
Ebrahimi et al'®. Other ceramic materials that have been tested for oily water separation are SiOz

and ZrOa.
1.3 Hydroxyapatite

Hydroxyapatite (HAP) is the major mineral component of vertebrate hard tissues like
teeth and bones. It is reported that 70% of natural bones are monocrystalline HAP with length of
20-80 nm long and width of 2-5 nm?°. HAP is in non-stoichiometric form, which contains trace

amount of impurities, such as carbonate, sodium, magnesium, and its structure varies with the
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tissue types?.. As a biomaterial, hydroxyapatite is widely used in bone tissue

regeneration(osteogenesis), implanting materials coating and drug delivery 22,

In one unit cell of crystalline hydroxyapatite, four Ca (M1) atoms are encircled by nine

oxygen atoms from phosphate group and the other ten Ca atom (M2) are surrounded by six

oxygen atoms. Two M1 Ca atoms and four M2 atoms enfold one hydroxyl group to form a

hydroxyl channel?®. The crystal structure of hydroxyapatite is hexagonal crystal system P63/m

with two main crystal planes: a plane and ¢ plane (Figure 1-5). The cell parameters are

a=b=9.418 A and c = 6.884 A%,

c plane
(PO, site: negative charge)

o

a

a plane
(Ca site: positive charge)

e
0
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-g ugoo
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o 0 4
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Figure 1-5. Crystal structure and schematic illustration of stoichiometric hydroxyapatite (HAP).
The blue, white, red and yellow spheres are Ca, P, O and OH?.

Hydroxyapatite is the most stable derivative of calcium phosphate salt within the pH

range of 4-14 at 25 °C, which is the foundation of the hydroxyapatite synthesis methods. Table 1-

7 shows the property comparison of HAP and other common calcium phosphate phases.

Hydroxyapatite has a low solubility in water and stabilizes in a wide range of pH. Different kinds

of hydroxyapatite are convertible. For example, hydroxyapatites dehydrate to tricalcium

phosphate at high temperature® and HAP was synthesized by hydrolysis of dicalcium

phosphate?”.
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Table 1-7. Property comparison of HAP and other Calcium phosphate phases?® 2°.

Name Hydroxyapatite | a-Tricalcium | B-Tricalcium | Dicaclcium | Monocaclim
phosphate phosphate phosphate | phosphate

Symbols (HA) and (HAP) (a-TCP) (B- TCP) (DCP) (MCP)

Formula Ca,(PO,)((OH), | Ca,(PO4), Ca,(PO4), CaHPO, | Ca(HPO,),

Molar mass 502.31 310.18 310.18 136.06 234.05

(g/mol)

Melting 1614 1391 1391 1670 109

point (OC)

Molar ratio 1.67 1.5 1.5 1.0 0.5

(Ca/P)

Solubility in 0.0003 0.0025 0.0005 0.0048 17

water 25 'C

(g/h)

Space group | Pseudohexagonal | Monoclinic | Rhombohedral | Triclinic P' | Triclinic P

P6,/m P2 /a R3cH

Except for its applications in biomedical field, hydroxyapatite is widely applied in non-

medical applications. As a catalyst, hydroxyapatite contains both acid and base active sites in a

single crystal and could be applied in ethanol to butanol reaction through Guerbet mechanism?°,

Friedel-Crafts reaction®!, and hydrogen transfer®? etc. Hydroxyapatite exhibit good performance

in water treatment and remediation of heavy metal contaminated soils3?* 34, Hydroxyapatite could

also work as ion conductors®®, gas sensors®® and column chromatography materials for proteins

and nucleic acids separation®’. In this work, hydroxyapatite as a ceramic material were

manufactured into oil-water separation membranes and their property and separation

performance were studied.
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1.4 Thesis overview

The objectives of this thesis are to prepare different morphologies hydroxyapatite
membrane and apply hydroxyapatite hollow fiber membrane in oil water separation. The
synthesis of hydroxyapatite by chemical precipitation and solid state method were discussed in
chapter 2. Chapter 3 mainly focuses on the three-different shape hydroxyapatite membrane
synthesis, including the disk membrane by cold pressing method, flat or tubular membrane by
tape casting process and hollow fiber membrane through a single orifice spinneret by
combination of phase inversion method and spinning method. Chapter 4 discusses the phase
inversion process that hydroxyapatite hollow fiber membrane was prepared through a coaxial
spinneret and the application of the hollow fiber membrane in oil water separation. Chapter 5
provides a hydrothermal growth method to prepare a dense layer on porous HAP hollow fiber

membrane. Chapter 6 summarized the results in this thesis work and proposed future work.
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Chapter 2: Hydroxyapatite powder synthesis

2.1 Introduction

To prepare hydroxyapatite ceramic membrane, hydroxyapatite power, as the
starting material for membrane formation, is needed. Different methods can be used to
fabricate HAP membranes with different geometry, and the HAP powder with different
surface areas that is determined by the particle size are in need. HAP powder can be
prepared by various methodologies, including solid state method synthesis3-4?, mechano-
chemical 4143, chemical precipitation®® 4448, sol-gel*®-51, emulsion®>54, hydrolysis?’: 55 56,
hydrothermal growth®”-%°, microwave-assisted %962, Among all these methods, Chemical
precipitation is well practiced in literature which usually produces small particle sizes and
thus high surface area. The solid-state synthesis can make large particles with low surface
area. In our study, we employed these two methods to purposely make the HAP powder
with various surface areas. As discussed in chapter 3, the surface area is an important
factor that determines the procedure to use and membrane quality produced in each
membrane synthesis process.

In the chemical precipitation process, the calcium reagents and phosphate
reagents are mixed together first in the aqueous conditions and then the mixture is stirred
under specific temperature and pH conditions. The reason for the formation of
hydroxyapatite is that it is the most stable and less soluble calcium phosphate apatite in
aqueous condition at 25 °C when pH equals 4.2.5% 64 VVarying synthesis conditions
achieve diverse crystallinity, morphology and Ca/P ratio hydroxyapatite. Properties of

hydroxyapatite will determine the quality of ceramic membrane, and this ceramic
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membrane is expected to have high mechanical strength. The stoichiometric ratio of Ca/P
(1.67) corresponds to the hydroxyapatite materials with largest value of strength.®> One
specific chemical precipitation method was proposed that when the solution pH is 10.5
and the mixture is mixed with stirring under 80 °C for 24hrs, the synthesized
hydroxyapatite powder is stoichiometric and uniform with rod-like structure.®® This
method would be used to make the desired hydroxyapatite samples.

Solid state synthesis method is not widely studied because the small diffusion of
ions in the synthesis process leads to impurities in the HAP, even though solid state
method is a common choice for industry to manufacture other powders due to its
simplicity. Like chemical precipitation, in the solid-state method, calcium and phosphate
precursors are mixed together, then milled and calcined at high temperature to form well-
crystallized structure. A novel refined solid state method was applied to synthesize
crystalline hydroxyapatite and discuss effect of calcining temperature®. During this
method, solid mixture will turn into paste mixture, which could improve the diffusion of
ions. The results show that pure hydroxyapatite is formed when the calcination
temperature is lower than 700 °C. This method is also used in this work to synthesize

small surface area hydroxyapatite powder.
2.2 Chemical Precipitation method

2.2.1 Materials

Calcium Nitrate Tetrahydrate (ACS, 99.0-103.0%) and Ammonium hydrogen
phosphate (ACS, 98.0% min) were purchased from Alfa Aesar through VWR.
Ammonium Hydroxide (ACS, 28-30%) were purchased from BDH CHEMICALS.

ISOPROPYL ALCOHOL (99%, reagent ACS USP/NF Grade) was bought from
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PHARMCO-AAPER. All chemicals were used as received without any treatment and

Deionized (DI) water was used in all purpose.

2.2.2 Experimental procedure

0.6 M calcium nitrate tetrahydrate and 0.4 M ammonium hydrogen phosphate
were slowly mixed together and the pH of the mixture was adjusted to 10.5 by ammonia
hydroxide. The solution was stirred at 80 °C for 24hrs and then the precipitate was
filtered and washed. Finally, the sample were dried and then calcined at 600 °C for 6hrs
with air flow. The hydroxyapatite powder was also calcined at 700 °C, 800 °C, 900 °C
and 1050 °C by 2 °C/min for 4hrs without airflow to discuss the calcination effect on the
hydroxyapatite properties.
2.2.3 Characterizations

Powder X-ray Diffraction of the synthesized hydroxyapatite were measured by a
Bruker D8 Advance Lynx Powder Diffractometer (LynxEye PSD detector, sealed tube,
Cu Ko radiation with Ni g-filter). An Autosorb-iQ analyzer (Quantachrome Instruments)
measures N2 adsorption-desorption isotherms, from which the surface area of the
particles was calculated. All the samples are degassed at LmmHg and 245 °C for 8 hours
before measurements. The specific surface area was calculated by the Brunauer, Emmett
and Teller (BET) method. Dynamic Light Scattering (DLS) was used to measure the
particle size of the materials. The measurement was conducted on a Photocor-FC light
scattering instrument with a 5-mW laser light source at 633 nm. The temperature was 25
°C and the scattering angle was 90 °C. The particle sizes could be calculated by the
autocorrelation function by the Photocor software and a logarithmic correlator was used

to measure the autocorrelation function. For the particle size measurement, since
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hydroxyapatite particle is unstable in the water, approximately 0.1 g particles were
dissolved in isopropanol and sonicated by Bransonic 1510R-DTH for 30 mins and then
diluted 100 times by isopropanol for another 30-min sonication. The morphologies of the
hydroxyapatite were recorded by scanning electron microscopy (SEM) on a Hitachi SU-
70 electron microscope. The stability of the samples was measured by

Thermogravimetric analyzer (SHIMADZU TGA-50) at 5 °C/min without airflow.
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2.2.4 Results and Discussion

Figure 2-1. SEM images of hydroxyapatite calcined at 600°C (A), 700°C (B), 800°C (C),
900°C (D) and 1050°C (E).

Table 2-1 shows the specific area and particle size of hydroxyapatite power
calcined at different temperature. Higher calcination temperature increased the particle

size from 211.17 nm to 525.86 nm and the surface area decreased from 34.903 m?/g to
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7.474 m?/g correspondingly due to the sintering effect. The variation of surface area is

consistent with the change in particle size.

The SEM images indicate the same effect. From 600°C to 1050°C, the particle

size increased (Figure 2-1). When the temperatures were low (600, 700 and 800 °C), the

particles agglomerated together and the morphologies were needle or rod-like. Figure 2-1

A, B and C show that the particle size of hydroxyapatite treated by 600 and 700 °C was

smaller than 200 nm and hydroxyapatite treated by 800 °C was approximately 200 nm.

Particle sizes indicated by SEM were much smaller than DLS, where the particles

agglomerate in the isopropanol solution. SEM images also reveal some agglomeration of

particles. When treated at a higher temperature (900 and 1050 °C), particles are dispersed

(Figure 2-1 D and E), with rod-like shape and larger particle size. Both particle sizes for

900 and 1050 °C (Figure 2-1 D and E) is around 500 nm. This size is approximately the

same as the one measured by DLS (525.86 and 534.13), which means that those particles

disperse separately in the isopropanol solution.

Table 2-1. Surface area and particle size of hydroxyapatite calcined at different

temperature.
Calcination Surface area(m?/g) Particle size/radius(nm)
Temperature(°C)
600 34.903 211.17
700 18.090 231.52
800 10.786 389.68
900 71474 525.86
1050 1.536 534.13

X-ray diffraction patterns of five different calcination temperature samples are

shown in Figure 2-2. All samples have clear characteristic peaks of crystalline
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hydroxyapatite®”. With increase of calcination temperature, peaks vary from broad to
sharp, which indicates the enhancement of crystallinity. When the calcination
temperature is lower than 700 °C, only hydroxyapatite crystalline peaks emerge. When
calcination temperature is higher than 700 °C, crystalline peaks of B-TCP appear and the
peak intensities increase with calcination temperature. The appearance of B-TCP is owed
to the dehydration reaction of hydroxyapatite. Two hydroxyl group forms one water and
one oxygen vacancy at high temperature (>700 °C).

The weight percentage variation with temperature in Figure 2-3 also illustrate the
same effect. The water in the samples exist in two forms, adsorbed water and lattice
water. For hydroxyapatite powder, there is an outer layer of physically adsorbed water.
The adsorbed water will be reversibly removed between 20 — 200 °C. Lattice water exists
in the cracks, pores or connections of two single crystals of hydroxyapatite powder, and
lattice water will be removed at approximately 400 °C. Both adsorbed water and lattice
water account for the 2.13% weight loss. When the temperature exceeds 700 °C,
hydroxyapatite will dehydrate to 3-TCP, which accounts for the second weight loss in

Figure 2-3.
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Figure 2-2. XRD patterns of hydroxyapatite calcined at 600 °C, 700 °C, 800 °C, 900 °C
and 1050 °C.

These results are consistent with other works about the stability of

hydroxyapatite.5®
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Figure 2-3. TGA of hydroxyapatite (600 °C) without airflow.

2.2.5 Conclusions

Hydroxyapatite was successfully synthesized by chemical precipitation method.
The thermal stability of HAP was investigated through X-ray diffraction and
thermogravimetric analyzer. When the calcination temperature is higher than 700 °C,
hydroxyapatite will dehydrate to 3-TCP, which was confirmed by XRD and TGA.

However, most of the materials is still hydroxyapatite and impurities only account for a

small percentage.
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2.3 Solid State method

2.3.1 Materials

Calcium Nitrate Tetrahydrate (ACS, 99.0-103.0%) and Ammonium hydrogen
phosphate (ACS, 98.0% min) were purchased from Alfa Aesar through VWR. Sodium
bicarbonate (ACS 99.7%) was bought from BDH; Ethanol (absolute, anhydrous,
ACS/USP grade) was purchased from PHARMCO-AAPER. All chemicals were used as

received without any treatment. Deionized (D1) water was used for all purposes.

2.3.2 Experimental procedure

3.9632g (NH4)2HPO4 and 3.3642g NaHCO3 was mixed and ground by a small
pestle and mortar for 30mins. Then 11.8092 g Ca(N03)2e4H20 was added and the
mixture was ground for 1hrs. During this process, the solid mixture turned into paste and
some bubbles emerged from the paste. After grinding, the sample was aged for 24 hours
and then washed by ethanol and DI water separately. The samples were dried at 80 °C for
6 hours and then calcined at 550°C, 650°C, 750 °C, 850 °C and 950°C for 3hours by a
1°C/min heating rate. These samples are referred as ssHAP-550, ssHAP-650, ssHAP-750,
ssHAP-850 and ssHAP-900 respectively. The sample that were not calcined was termed

as ssHAP-25. The characterization methods were the same as 2.2.3.

2.3.3 Results and Discussion

The morphologies of hydroxyapatite samples are shown in Figure 2-4. Without
calcination (Figure 2-4 A-ssHAP-25), most of the particles aggregated. The
agglomeration is attributable to the incomplete removal of water inside the particle in the
calcination process or the growth of small particles on clusters during the mixing of
reactants. After calcination at 550 and 600 °C, some particle clusters existed, but much
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less than ssHAP-25. Particle shapes were not uniform. The sizes of ssHAP-550 were
~100nm and ssHAP-650 ~200nm. Compared with ssHAP-650, the particle size of
ssHAP-750 and ssHAP-850 did not change recognizably. Morphologies of particles
varied, but several platelet particles appear, which are the main shapes as in Xiaojun
Guo’s work®, The SEM image of ssHAP-900 exhibited uniform, rod-like structure and
the particle size is roughly 500 nm. The SEM images of different calcination temperature
indicate that increasing the calcination temperature increase the particle’s size, and the

particle shape changed.

A-ssHAP-25

-

2.00 um

500 pm

Figure 2-4. SEM images of ssHAP-25(A), ssHAP-550(B), ssHAP-650(C), ssHAP-
750(D), ssHAP-850(E), and ssHAP-900(F).
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Table 2-2 exhibits the surface area and particle size of hydroxyapatite calcined

between 25 and 900 °C. The Change of calcination temperature modified the surface area

from 66. 971 m?/g to 6.039 m?/g and particle size from 146.17 nm to 253.55 nm. These

particle sizes differed from the sizes determined by SEM images in Figure 2-2, although

both reveals that particle enlarge. The aggregation of particles could explain the

difference. The particle size measured by Light Scattering is the size of a cluster of

particles suspended in solution. When clusters dissociate, and single crystals exist, the

sizes measured by DLS and SEM will be the same. The increase of surface area is

consistent with the decrease of particle size.

Table 2-2. Surface area and particle size of solid state reaction hydroxyapatite calcined at

different temperatures.

Calcination Surface area (m?/q) Particle size/radius(nm)
Temperature(°C)
25 66.971 385.34
550 28.421 146.17
650 17.274 147.25
750 9.535 185.90
850 8.560 211.05
900 6.039 253.55
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Figure 2-5. XRD patterns of hydroxyapatite calcined at 25 °C (ssHAP-25), 550 °C
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The X-ray diffraction patterns of solid state synthesized hydroxyapatite calcined
at different temperatures are shown in Figure 2-5. All of the samples display the typical
peaks of hydroxyapatite®’. The characteristic peaks of hydroxyapatite, including peaks at
26° (002) and 30-34° (211, 112, 300), are observed. When the calcination temperature is
low (550 and 650 °C), the peaks are broad, which indicates crystallinity is low. The low
crystallinity is due to the incomplete reaction between reaction precursors. No other
peaks corresponding to other calcium phosphate apatites were detected. The absence of
additional peaks reveals that those samples comprise pure hydroxyapatite. With the
increasing calcination temperature, peaks became sharp and peak intensities increased,
which represents the growing crystallinity of the materials. Except for the peaks of

hydroxyapatite, some other peaks appear. The peak at 31.8° corresponds to 3-TCP and
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the peak at 35° corresponds to CaO*°. The appearance of these peaks is due to the
dehydration of hydroxyapatite at high temperature. Therefore, higher calcination
temperature (>650 °C) will lead to the dehydration of hydroxyapatite and adds impurities
to the samples. Higher calcination temperature broadens the hydroxyapatite peaks,
increases the crystallinity and leads to impurities. The intensity and sharpness of
hydroxyapatite peaks also reveal the increase of particle size based on the Scherrer
equation®’. The broader the peaks, the smaller the particle size. This phenomenon also
agrees with the size variations with the calcination temperature indicated by XRD and
particle size measurement.
2.3.5 Conclusions

HAP materials were successfully synthesized by the room temperature solid state
method. Calcination determines the properties of hydroxyapatite. Calcination increases
the crystallinity and particle size, but also leads to impurities when the temperature is
higher than 650 °C. Although the solid-state method produces hydroxyapatite with
different particle sizes and shapes, this method was not applied in the future work due to

the time-consuming preparation procedure and low productivity.
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Chapter 3: Hydroxyapatite membrane synthesis

3.1 Introduction

Ceramic membrane could be manufactured into disk, monolithic multi-channel,
tubular (dead end or not) or hollow fiber configurations. Disk membranes are generally
used in the lab since they could be easily prepared by conventional pressing method and
characterization of disk membranes is also simpler compared with other shapes. Multiple
tube membranes could be assembled into a module and then applied in both research
laboratory and industry. Both disk and tubular configurations have a small surface area to
volume ratio, which indicates the separation area per unite membrane volume. To
increase the surface are to volume ratio, hollow fiber and monolithic multi-channel
structures are designed. The surface area to volume ratio of the former one could be up to
3000 m?/m? and the latter one could be up to 800 m?/m3%’. For the multi-channel
monolithic form, the bulk is a porous support to provide mechanical robustness and
separation layer is fabricated on the inner channel. Therefore, the feed will flow through
the inner channel and the permeate will flow through the inner separation layer then the
porous bulk to the surface of the membrane. Hollow fiber membranes have the highest
surface area to volume ratio and then the highest packing density. These four ceramic
membranes could all be dense or porous and that depends on the materials and
preparation methods. In our work, hydroxyapatite membranes were fabricated into disk
by conventional pressing, tubes by tape casting methods and hollow fibers by phase
inversion method through both single orifice and coaxial office spinneret. Each of them

are discussed in details below.
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3.2 Hydroxyapatite flat membrane

Power pressing is the first method that people make ceramic tiles and other high
density products. There are two types of powder pressing method, axial pressing and
isostatic pressing. Axial pressing could be further divided into dry and wet pressing. For
dry pressing, only powder is used. Solvent especially water is added in the wet pressing.
For axial pressing, the applied pressure on the powder comes from one direction. Isostatic
pressing supplies multiple directions forces on the powder to achieve higher uniformity
of compression and shape. Typically, for powder processing, powder or power mixture
with additives are poured into a metal modulus and then punched at certain temperature
and pressure (Figure 2-1'8). After that, the pellet is sintered to finalize the membrane.
Due to its simplicity and low cost, powder pressing is widely used in the lab for simple
geometrical shapes. In this work, hydroxyapatite pellet was also fabricated through dry

powder pressing method.

[? 5]
| |
Top punch p—
Die * Dry pressing pressure:
E—— 20=100 MPa
Diisk membrane — "
I * Thickness >0.5mm

Buottom punch

Ferrrrrrrrrarrrrr

Figure 3-1. Powder pressing.
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3.2.1 Materials and experiment procedure

Hydroxyapatite powder was synthesized by chemical precipitation method as
mentioned in chapter 2. After calcined at 600 °C for 6 hours with airflow, the powder was
ground below 80 mesh. 1.4 g powder was pressed into pellet by CARVER HYDRAULIC
UNIT (model #3912) for 3mins by 3000 psi. The pellet was sintered at 1250 °C for 4
hours for solidification.

The morphologies of the membrane were recorded by scanning electron

microscopy (SEM) on a Hitachi SU-70 electron microscope.

3.2.2 Results and Discussions

Figure 3-2. Images of Hydroxyapatite pellet. (A) pictures of pellet. Left: before
calcination; Right: after calcination; (B) SEM image.

Hydroxyapatite pellets was prepared by dry pressing method and pellet picture
and SEM image is shown in Figure 3-2. The green body was a pellet with 2mm depth and
2.86 cm diameter (the missing part is due to fragility). After sintering at 1250 °C, the
diameter changed into 2.29cm and the shrinkage is 19.93%, which is a result of sintering
effect. Pellet surface was smooth and no crack was observed. Scanning electron
microscope image (Figure 3-2 (B)) shows that the surface is not flat and some pinhole
exists. The pinhole may arise from the heterogeneity of hydroxyapatite particles or
dehydration of water of hydroxyapatite to TCP at high temperature. The pinhole

existence could not determine whether the pellet is porous. Hydroxyapatite pellet has
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already been explored broadly in the research about the stability and sintering properties

of hydroxyapatite. Our research will focus on other shape hydroxyapatite membranes.

3.3 Hydroxyapatite tubular membrane by tape casting method

Tape casting is a common method to prepare flat sheet ceramic membrane. As
shown in the schematic of tape casting (Figure 3-3), ceramic slurry in the container is
casted on the moving tape by a doctor blade, followed by a solvent evaporation process in
a drying chamber to form green tape. Green tape could be used as a single layer or
patterned, stacked and laminated to form three dimensional structures®. In our work, the
green tape was rolled into a tube with a stainless-steel tube. Like other membrane
preparation methods, sintering is the last step of tape casting to form porous or dense
ceramic membrane. Thickness of the membrane ranges from 1um to 3000 um by
adjusting the distance of doctor blade and moving tape®°. Properties of tape casting
membrane are determined by ceramic slurry (like contents of each components, viscosity)
and machine condition (reservoir depth, speed of carrier, doctor blade height. etc.). These
factors influence the final properties of flat sheet by changing the rheological behavior of
the moving ceramic slurry™. For example, carrier speed has a significant influence on the

tape thickness and high speed will result in thin slip tape.
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Figure 3-3. Schematic of tape casting.”

The first step of the tape casting is preparing ceramic slurry. Typically, a ceramic
slurry contains ceramic powder, solvent, binder, dispersant and plasticizers or sintering
agents. Solvent disperses particles and dissolve additives to form the slurry. After tape
casting, solvent evaporation forms the green body. Solvent could be water and organic
solvents like ethanol and toluene. Grain clusters formed during the mixing process, which
are results of original grain cluster or grain agglomeration. The clusters produce
uniformity of the suspension and cracks in the final membranes. Dispersant increases the
electrostatic repulsion in the slurry by coating dispersant molecule on the ceramic
particles. Common dispersants comprise soda ash, sodium silicates, olyacrylates,
polyehtyleneimines, menhaden fish oil, phosphate ester’? 73, Solvent evaporation might
change the plasticity or shapes of membrane. Binders and plasticizers are used to keep
the morphologies of green body before drying and prevent cracking at sintering. Binder
could wet the surface of grains by physically adsorption or chemical adsorption through
organic functional groups on the particles. An ideal binder should lubricate the slurry,
strength the green body, be inexpensive and non-toxic and totally decompose at 300-500
°C without no ashes’. Lots of polymers could act as binders, such as polyvinyl butyral

(PVB), poly (butyl methacrylate) (PBMA) and poly (propylene carbonate) in organic
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solvent slurry and starch and polyvinyl alcohol (PVA) in aqueous suspension. By
infiltrating into the long chain of binders, plasticizers could improve flexibility of binders
in the slurry, enhance the elasticity of green body and preclude the cracking in the
sintering. Conventional plasticizers include ethylene glycols, glycerol, polyethylene
glycols and Benzyl Butyl Phthalate”™ 76, Other additives like pore former, lubricants and
antifoam agents are added sometimes but not very common?2,
3.3.1 Materials

Menhaden fish oil, Polyvinyl butyral and Benzyl Butyl Phthalate as tape casting
specialists were all bought from Tape Casting Warehouse, Inc. Ethanol (absolute,
anhydrous, ACS/USP grade) was purchased from PHARMCO-AAPER. 80 mesh-
hydroxyapatite powder (calcination at 900 °C for 4 hours) was prepared by chemical
precipitation method. All chemicals were used as received without any treatment and
Deionized (DI) water was used in all purpose.

The morphologies of the membrane were recorded by scanning electron

microscopy (SEM) on a Hitachi SU-70 electron microscope.

3.3.2 Experimental procedure

The hydroxyapatite slurry for the tape casting process were prepared by mixing
40 g hydroxyapatite powder and 2 g Menhaden fish oil (dispersant) in ethanol and the
mixture was ball milled for 24 hours. 6.5 g Polyvinyl Butyral (binder) and 4 g Benzyl
Butyl Phthalate (plasticizer) were added into the mixture and then ball milled for 48
hours. The slurry was used for tape casting. The ceramic tape was dried for around 2

hours. The membrane could be rolled into tube structure through a stainless-steel rod.
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The tube or flat membrane was sintered at 800 °C, 900 °C and 1250 °C for 4 hours to

form high-strength membrane or tube.

3.3.3 Results and Discussions

(A)

Figure 3-4. Pictures of Hydroxyapatite tape membrane before and after calcination. (A)
Dry membrane; (B-1) before calcination at 800 °C; (B-2) after calcination at 800 °C; (C-
1) before calcination at 900 °C; (C-2) after calcination at 900 °C.

Figure 3-5. Pictures of Hydroxyapatite tube membrane. (A-1) before calcination at 800
°C; (A-2) after calcination at 800 °C; (B-1) before calcination at 900 °C; (B-2) after
calcination at 900 °C; (C-1) before calcination at 1250 °C; (C-2) after calcination at 1250
°C.
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Morphologies of green body and flat membranes sintered at 800, 900 and 1250 °C
are shown in Figure 3-4. The green body of flat membrane was smooth (A in Figure 3-4).
The surface of sintered membranes was smother than before sintering and the sheet
membrane hardened. Sintering does not lead to any cracks on the surface of the
membrane (B and C in Figure 3-4).

Flat sheet was laminated into the tubular shape to prove the flexibility of the green
membrane. As shown in Figure 3-5, uniform and symmetric tubular structures were
formed. Outside layer were smooth and no cracks formed in the rolling process, except
for some folding at the edge of original sheet, which was due to the inappropriate rolling
and the thin layer at the edge of the rolling membrane. The sintering process solidified
the tube without any cracks (A-2, B-2 and C-2 in Figure 3-5). The shrinkage ratio
increase with higher sintering temperature. Axial length decrease by 20.64 % when the
membrane was fired at 1250 °C, which is larger than the shrinkage ratio of 19.89 % and
16.73% at 800 °C and 900 °C respectively (the difference is due to measurement error).
These results confirm the flexibility of green body membrane of hydroxyapatite and the
success of the tape casting process to form hydroxyapatite flat sheet.

SEM images of the surfaces of the membrane sheet sintered at 800 °C and 900 °C
and tube membrane sintered at 1250 °C are shown in Figure 3-6. When the membranes
were calcined at lower temperatures (800 and 900 °C), the membrane had a crack- free
and porous surface with vague grain boundaries (A and B in Figure 3-6). No particle
coalescence or grain growth could be observed. The sintering effect is low due to the low
temperature. The sintering effect turned strong at a higher temperature (1250 °C). There

are clear grain boundaries and the grain size grew to approximately 1- 3um, which is

-38 -



larger than the grain size in the lower temperature and the particle sizes in the slurry. The
surface of the membrane is not flat and some pinholes exist, but the membrane is still
dense, based on the dense sintering SEM image in Figure 3-6 C-2.

Water permeation test further proved that the membrane was dense. The
experiment setup is shown in Figure 3-7. By using a similar setup in the literature’’, a one
side dead end tube membrane was immersed in water, and the other side was connected
to vacuum pump. The vacuum is 0.33 bar and permeated water will be collected in

permeate collector as shown in Figure 3-7.

(A)-800°C

Figure 3-6. SEM image of sintered hydroxyapatite tube membrane. (A-800°C) outer
surface after calcination at 800 °C; (B-900°C) outer surface after calcination at 900 °C;
(C-1-1250°C) outer surface after sintering at 1250 °C; (C-1-1250°C) inner surface after

sintering at 1250 °C.
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The results are presented in Table 3-1. A dense commercial Al203 was utilized as
a control. Comparing the collected water at the same time (~3hr 20min) with the control
membrane, hydroxyapatite tube prepared by tape casting method had little water detected
and the fluxes for both membranes approximated zero. The water collected possibly came
from residual water in the stainless-steel tube or permeate collectors. This result further
proved that the membrane is dense or at least non-permeable for water.

Table 3-1. Permeation results of prepared HAP (sintered at1250 °C) and commercial ¥4

inch dense Al203 tube.
Sample Amlg Duration time | Flux J/(g/(m?*min)
HAP tube 0.11 3hr 20 mins ~0
Al203 tube 0.07 3hr 18 mins ~0

3.3.4 Conclusions

A dense hydroxyapatite tube membrane was successfully synthesized by tape
casting method. No cracks formed on the green membrane and membranes sintered at
800, 900 and 1250 °C. SEM images showed clear grain boundaries caused by sintering

and revealed the surface were dense. A water permeation setup was built to further
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demonstrate that the membrane is dense by comparing the permeated water over a long

time with commercial a Al2O3 tube.

3.4 Hydroxyapatite hollow fiber membrane by phase inversion

through single orifice

3.4.1 Introduction

In membrane separation process, an important factor for the separation membrane
is the surface to volume ratio, since that ratio determine separation area per unit volume
and influence the packing of membranes. The surface to volume ratio of hollow fiber
membrane could reach 3000 m?/m3%8, which is the highest ratio compared with other
configurations membranes. Hollow fiber membrane is one kind of tubular membranes
with small outer and inner diameters. In general, the internal diameter ranges between
40~300 um and wall thickness between 10~100 um’8. Hollow fiber membrane is
generally prepared by combination of spinning method and phase inversion. The first step
for this method is the ceramic slurry preparation. Ceramic slurry containing ceramic
powder, solvent and polymer additives is homogenized, then extruded into non-solvent
through a concentric orifice spinneret with bore liquid forced flow through the inner
lumen of the hollow fiber. During the extrusion process, phase inversion occurs and
solidifies the slurry to form green hollow fiber membrane. Phase inversion and spinning
determine the morphologies and properties of hollow fiber membranes and spinning
affects the properties through its influence on phase inversion process. Therefore, phase

inversion process is the key factor that controls the hollow fiber membrane properties.
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Table 3-2. Comparison of different structure membranes’.

Hollow fibre Plate-and-frame  Tubular
Cost/area Low High Low
Membrane Moderate Low Moderate/low
replacement cost
Flux(l/(m?*h)) Good Low Low
Packing .
density(m?/m?) Excellent Good/fair Good
Hold-up volume Low Medium Medium
Cleaning in place  Good Fair/poor Fair/poor

Phase inversion is a “demixing” process whereby polymer or ceramic slurry is
transformed from a solution state to a solid state. Phase inversion could be initiated by a
range of different factors, such as thermal variation, evaporation and addition of a non-
solvent®. Addition of a non-solvent or immersion precipitation is most widely used to
activate the phase inversion. With addition of non-solvent, the thermodynamically stable
binary system between solvent and polymer or ceramic slurry is disturbed. The new
ternary system is not stable and the appearance of demixing solidifies the polymer or
ceramic slurry to form a green membrane. If the demixing occurs instantaneously after
addition of non-solvent, the green membrane with a relatively porous top layer will form.
In contrary, if the demixing is delayed after mixture of solvent and non-solvent, the top
layer will be comparatively dense. Exchange between solvent and non-solvent leads to
the formation of polymer rich phase and polymer lean phase. Polymer rich phase forms
membrane matrix and polymer lean phase becomes membrane void®?.

Phase inversion by immersion precipitation uses a coaxial spinneret with bore
liquid flow inside to form hollow structure. Bore liquid supports to shape the inside

channel of the hollow fiber and affects the inner wall structure. Diameter of hollow fibers
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is limited by the size of the coaxial spinneret, which could not be very small considering
manufacture difficulty and price of two coaxial tubes. However, the smaller the diameter
of hollow fiber, the larger the surface to volume ratio and separation efficiency.
Therefore, how to reduce the size of hollow fiber attracts considerable interest. One
feasible method is to use a single orifice spinneret. The key of synthesizing hollow fibers
through single orifice spinneret lies in the formation of the hollow structures. A novel
method was proposed to utilize oil as inner channel former assistance to construct the
hollow structure®?. As shown in Figure 3-8, the oil added in the ceramic slurry diffuses
into the center of green membrane during the phase inversion process due to its
immiscibility with water and followed oil removal forms the hollow structure. This
method was used in our work to synthesize hydroxyapatite hollow fiber through a single

orifice spinneret and dodecane was used as oil for the formation of hollow structures.

3.4.2 Materials

Hydroxyapatite powder (80 mesh) prepared by chemical precipitation method;
Polysulfone (PS, pellets, Mw ~ 35,000 by LS) and Dodecane (anhydrous, 99+%) was
purchased from SIGMA-ALDRICH. 1-Methyl-2-Pyrrolidinone (NMP, SEMI Grade) was
purchased from BDH. Polyvinylpyrrolidone (K 30 MW. av. 40000) was purchased from
TCI. Ethanol (absolute, anhydrous, ACS/USP grade) was purchased from PHARMCO-
AAPER. All chemicals were used as received without any treatment and Deionized (D1)

water was used in all purpose.

3.4.3 Experimental procedure
Hollow fiber was prepared by phase inversion method through the single orifice.

1.5g Polysulfone was mixed with 8.5g NMP and then stirred for 2 hours at 60 °C. 1.0g
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dodecane was added and continuously stirred for another 2 hours. 5 g hydroxyapatite
powder was slowly added to the mixture and then stirred for 48 hours. The suspension
was degassed for 30 mins and then extruded into hollow fiber by equipment setup shown
in Figure 3-8%2. The ceramic polymer mixture solution was pumped into water vertically
by 2.4 ml/min through 22G (ID: ~0.41mm) and 16G needle(ID:1.19mm). The fresh
hollow fiber was immersed in water overnight to form steady structure and then kept in
ethanol (~50 °C) for 2hrs to remove the dodecane. After drying at 80 °C for 6 hours, the
hollow fiber was sintered at a Sentro Tech High Temperature Furnace with the following
program: heated up to 600 °C by 2 °C/min for 4 hours and then to 1250 °C by 2 °C/min
for another 4 hours, finally cooled down to RT by 5 °C/min. The sintered hydroxyapatite
hollow fiber was used for characterization.

The morphologies of the membrane were recorded by scanning electron

microscopy (SEM) on a Hitachi SU-70 electron microscope.
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Figure 3-8%2. Schematic diagrams of (a) phase inversion spinning of ultrafine hollow
fiber membranes through a single syringe tip, and (b) the formation of hollow fiber
membranes via phase separation process.
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3.4.4 Results and Discussions

Figure 3-9. Pictures and SEM images of 16G and 22G hydroxyapatite hollow fiber. (A)
22G hollow fiber picture; (B) SEM image of 22G hollow fiber; (C) 16G hollow fiber
picture; (D) SEM image of 16G hollow fiber.

The morphologies of the hydroxyapatite hollow fiber are shown in Figure 3-9 and
Figure 3-10. A and C in Figure 3-9 are the digital photos of hydroxyapatite hollow fiber
through 22G and 16G needle respectively. Long uniform membranes with smooth outer
surface were formed. SEM images of the cross section of the membrane in Figure 3-9 C
and D exhibits the channel formed by oil droplet. Small oil droplet in the ceramic slurry
agglomerate and diffuse to the center of the tube due to the solvent exchange of NMP and
water. After the immersion of green tubes in the ethanol, oil was dissolved in ethanol and
a droplet hollow structure formed. Compared with hollow fibers extruded through coaxial
orifice spinneret, long extended finger like macrovoids also formed when only one orifice

spinneret was used. Solvent and non-solvent exchange leads to the ceramics rich phase
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and ceramics lean phase. The ceramics lean phase became the microvoid structure during

dry and sintering process.

Figure 3-10. SEM images of outer surface of 22G and 16G hydroxyapatite hollow fiber.
(A) and (B): 22G; (C) and (D): 16G.

Figure 3-10 shows the surface structure of 22G and 16G hollow fiber membrane.
Both membranes have a porous thin top layer, which was formed during the
instantaneous liquid-liquid demixing in the phase inversion process. In the polymer
membrane formation by phase inversion method, two types of liquid-liquid demixing
exist during the phase inversion process, instantaneous liquid-liquid demixing and
delayed onset of liquid-liquid demixing®. For the instantaneous liquid-liquid demixing,
membrane forms in the time order of one second or less. The top layer is very thin and
the sublayer is full of macroviods. For the delayed liquid-liquid demixing, the
precipitation time is in the order of seconds to minutes and the top layer will be dense and

thick®. Even though ceramic slurry is different from the polymer mixture, ceramic
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particles coated with polymer addictive are similar to polymer. Therefore, the top thin

porous layer could be explained by the instantaneous liquid-liquid demixing process.

3.4.4 Conclusions

Hydroxyapatite hollow fiber membrane was synthesized by phase inversion
method through a single orifice. Dodecane added into the ceramic slurry diffused into the
center of the membrane due to the water and NMP exchange. A droplet channel formed
during the phase inversion process. Only SEM images could not prove the inner channel
is through. More experiments like XuM or permeation test is needed to further verify that

hollow fiber is not blocked.
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Chapter 4: Hydroxyapatite hollow fiber membrane

4.1 Introduction

As mentioned above in chapter 3.4, extrusion of the ceramic slurry through
coaxial spinneret is more widely used than single orifice spinneret. The addition of bore
liquid sustain the formation of hollow structure as a support and phase inversion between
the solvent and bore liquid provides a method to modify the inner structure of the hollow
fiber. Furthermore, compared with the single orifice method above, the coaxial spinneret
method ensures the formation of the through hollow fiber without. The phase inversion
method through a coaxial spinneret to synthesis hydroxyapatite hollow fiber was
discussed in this Chapter.

The application of hydroxyapatite hollow fiber membrane in oil water separation
was also presented in this chapter. As mentioned in chapter 1, for membrane separation in
oily water separation, oil droplet size is an important factor that determines the
requirements of the membrane. Several forms of oil and grease exist in the oily water,
including free, disperse or emulsified oil. The criteria for classification is the droplet size.
The droplet size of free oil is greater than 180 um and dispersed oil ranges from 120 to
150 pm. The oil with droplet size smaller than 20 um is classified as emulsion oil. Free
and disperse oil droplet could be removed by conventional separation method or
pretreatment method. Emulsion oil is hard to separate and membrane technology is

required to separate oil from the water to reach discharge requirements. The oil water
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sample used in this work is emulsion oil by mixing n-dodecane, sodium dodecyl sulfate
and water, which was reported before84.

In the membrane separation process for oily water, one of the major hindrances is
fouling, which prevents the commercial application of membrane. During the continuous
membrane operation, if the flux through the membrane is kept constant, the
transmembrane pressure will increase and flux will decrease when the transmembrane
pressure is uniform. The reason for this phenomenon is fouling. Fouling is the process
that lead to the loss of performance of a membrane caused by the deposition of suspended
or dissolved substances on its external surfaces, at its pore openings, or within its pores®®.
Fouling leads to severe effects on the membrane performance and then cleaning is
needed. Membrane cleaning is defined as process to remove the substances that don not
belong to the membrane itself. Cleaning include physical cleaning and chemical cleaning.
Chemical additives help to cure the membrane fouling during the chemical cleaning, and
the physical cleaning is done by flushing, mechanical scouring, electrical cleaning and
relaxation. The fouling that could be cured by physical cleaning is reversible cleaning and
that requires chemical cleaning is irreversible cleaning. Therefore, the whole membrane
operation process should be normal operation-fouling-cleaning-integrity test. For ceramic
membrane, a simple and high-efficient cleaning method is calcination to remove all
organics deposited on the membrane due to the high stability of ceramics. In this work,
the used hydroxyapatite hollow fiber membrane was regenerated by calcination and the

oil removal efficiency of the new membrane were also discussed.
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4.2 Experimental

4.2.1 Materials

Calcium Nitrate Tetrahydrate (ACS, 99.0-103.0%) and Ammonium hydrogen
phosphate (ACS, 98.0% min) were purchased from Alfa Aesar. Ammonium Hydroxide
(ACS, 28-30%, BDH CHEMICALS) were used to adjust pH during hydroxyapatite
synthesis process. ISOPROPYL ALCOHOL (99%, reagent ACS USP/NF Grade) was
bought from PHARMCO-AAPER to form stable hydroxyapatite suspension. Polysulfone
(PS, pellets, Mw ~ 35,000 by LS, SIGMA-ALDRICH), 1-Methyl-2-Pyrrolidinone (NMP,
SEMI Grade, BDH) and Polyvinylpyrrolidone (PVP, MW. av. 40000, TCI) were used as
binder, solvent and dispersant respectively in the ceramic suspension. Ethanol (absolute,
anhydrous, ACS/USP grade) as internal coagulant was purchased from PHARMCO-
AAPER and external coagulant is the tape water. n-Dodecane (99+%, Alfa Aescar) was
selected to represent the oil in the oil water emulsion test and sodium dodecyl sulfate
(SDS, IDI) was used to form oil water emulsion. All chemicals were used as received

without any treatment and Deionized (DI) water was used in all purpose.

4.2.2 Preparation of hydroxyapatite hollow-fiber membranes

Hydroxyapatite powder was synthesized by chemical precipitation. 0.6 M calcium
nitrate tetrahydrate and 0.4 M ammonium hydrogen phosphate were slowly mixed
together and the mixture was adjusted to pH 10.5 by ammonia hydroxide. The solution
was stirred at 80 °C for 24hrs and then the precipitate was filtered and washed. Finally,
the sample were dried and then calcined at 600 °C for 6hrs with air flow. The
hydroxyapatite powder was further calcined at 700 °C, 800 °C, 900 °C and 1050 °C for 4

hrs by a heating rate of 2 °C/min without airflow to discuss the calcination effect on the
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hydroxyapatite properties. All hydroxyapatite powder was grinded and sieved through 80
mesh screen before their usage in the preparation of hydroxyapatite hollow fiber.

Hydroxyapatite hollow fiber was prepared by combination of phase inversion
method and spinning techniques. A series of hydroxyapatite hollow fiber were prepared
from ceramic slurry with varied ratios of NMP, PS, PVP and HAP. For one specific
membrane preparation process, PVP and PS were dissolved in the NMP and then HAP
was added slowly. The Ceramic slurry was magnetically stirred for 48 hours to
homogeneously disperse the particle. The suspension was degassed under vacuum until
no bubble emerges. The ceramic slurry was extruded into ceramic hollow fiber precursors
through a coaxial spinneret (outer diameter 2.16mm, inner diameter 1.65mm) by a dual
drive syringe pump (PMP 33, Harvard apparatus) with the same flow rate (0.5ml/min) of
both internal and external coagulant. No air gap existed. Figure 3-11 shows the scheme
setup for the hollow up extrusion.

The hollow fiber precursor was left in the water bath overnight to fully complete
the phase inversion process. After drying the hollow fiber precursors at room temperature
overnight, the green membrane was sintered at 1250 °C for 4hrs by a Sentro Tech high
temperature furnace. The temperature was increased to 600 °C at 2 °C/min and held for 4
hours, and then to 1250 °C at the same heating rate. The sample was cooled down by 5

°C/min. All the characterizations or tests were measured on the sintered hollow fiber.
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Figure 4-1. Scheme setup for the preparation of ceramic hollow fiber.

4.2.3 Characterization methods

Powder X-ray Diffraction of the synthesized hydroxyapatite were measured by a
Bruker D8 Advance Lynx Powder Diffractometer (LynxEye PSD detector, sealed tube,
Cu Ko radiation with Ni g-filter). The surface area of the particles was detected by N2
adsorption-desorption isotherms through an Autosorb-iQ analyzer (Quantachrome
Instruments). All the samples are degassed at ImmHg and 245 °C for 8 hours before
measurements. The specific surface area was calculated by Brunauer, Emmett and Teller
(BET) method. Dynamic Light Scattering (DLS) was used to measure the particle size of
the materials. The measurement was conducted on a Photocor-FC light scattering
instrument with a 5-mW laser light source at 633 nm. The measure temperature is 25 °C
and the scattering angle is 90 °C. The particle sizes could be calculated by the
autocorrelation function by the Photocor software and a logarithmic correlator was used
to measure the autocorrelation function. For the particle size measurement, since
hydroxyapatite particle is unstable in the water, around 0.1 g particles were dissolved in

isopropanol and sonicated by Bransonic 1510R-DTH for 30 mins and then diluted 100
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times by isopropanol for another 30-min sonication to form stable hydroxyapatite
suspension.

The morphologies of hollow fiber membranes were recorded by scanning electron
microscopy (SEM) on a Hitachi SU-70 electron microscope. The radial shrinkage ratio
was calculated by the length different before and after the sintering. Pore size distribution
was measured by mercury intrusion porosimetry on AutoPore 1V 9500 V1.07
(Micromeritics Instrument Corporation) between 1.5 psi and 33000 psi with an
equilibrium time of 10s, assuming the contact angle of 130 degree and Hg surface tension
of 485 dynes/cm. Viscosity measurement was performed by an AR2000 stress controlled
rheometer (TA Instruments, Newark, DE) using a 40mm 4' steel cone and plate geometry
within the shear rate between10-° and 100 s at 25 °C®, The viscosity was measured right
after the degas of ceramic suspension and before the spinning process. The bending
strength was determined by a four-point binding test setup (Tinius Olsen 10ST) with a
20-mm sample holder (two outer rollers distance Lout= 20mm, and two inner rollers
distance Lin=10mm) and a cross speed of 0.2 mm/min. For each sample, the bending
strength was calculated by the following equations:

16FKd,,,
0=—F7———
T[(dgut - d?n)

where F is the force at fracture for hollow fiber, K is the half distance between
inner and outer roller (K= (Lout-Lin)/2), and dout and din are the outer and inner diameter of
the hollow fiber®. For each species, four samples were tested and the average represents

the bending strength.
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4.2.4 Water and oil water emulsion permeation test

DI water and prepared oil water emulsion was fed through membrane to test
membrane permeation properties. Oil water emulsion was prepared by addition of 1g
SDS, 10ml n-dodecane into 1L DI water. After stirring for two hours, the mixture is
stable and turbid emulsion. The size of droplet measure by dynamic light scattering, was
in the range of 170nm and 1195nm.

The permeation of water and oil water emulsion through the hydroxyapatite
hollow fiber were carried out on a cross flow setup as shown in Figure 2. Dead-end
hollow fiber membrane was mounted on a stainless-steel tube by epoxy glue. The driving
force for the permeation is the transmembrane pressure or gravity of oil/water mixture.
The transmembrane pressure was kept constant as 1 bar for all of tests. The permeated
was collected by glass vials and flux could be calculated by the following equations.

|4

) = X Axap

where J (L*hrm-2bar) is the permeate flux, t is time(hour), A is the outer surface area
of hydroxyapatite hollow fiber membrane and AP is trans-membrane pressure (bar).

The oil concentration was detected by combination of liquid-liquid extraction and
Gas chromatography. 2 ml dichloromethane was added to the permeate each time and the
mixture was blended by 100 times up and down to fully transfer the oil into the
dichloromethane. Addition of Brine and high speed centrifuge promotes the water and
non-water phase separation. The oil concentration was detected by Gas chromatography
(Agilent 7693A). The rejection ratio could be calculated by the below equations.

Ci - Co
C;

Rejection ratio R =
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where Ci is oil concentration in the feed and Co is the oil concentration at permeate.
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Figure 4-2. Oil water permeation test through a cross flow setup.

4.3 Results and Discussions

4.3.1 Successful Recipes

Recipes of hydroxyapatite hollow fiber prepared with different ceramic
suspension are as shown in Table 4-1 to Table 4-4. All hydroxyapatite hollow fibers with
uniform and defect free structures were successfully synthesized. Variation of the PS,
NMP, organic/inorganic ratio and different particle size was made to discuss their effects
on the hydroxyapatite membrane. However, not all of them will be discussed in the
following, only hollow fibers from recipe 4, 20 and 15 were characterized and discussed

below.
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Table 4-1. Four hydroxyapatite hollow fiber recipes with different polysulfone amounts.

4 441 1.10 50.34 44.13 10
3 5.44 1.08 49.80 43.67 8

2 7.48 1.07 48.74 42.7 5.71
1 7.65 1.09 47.54 43.72 5.72

Table 4-2. Four hydroxyapatite hollow fiber recipes with different N-Methyl-2-

pyrrolidone amounts.

3 9.1310 5.44 1.08 49.80 43.67 8
5 8.6921 5.62 1.12 48.56 44.70 8
6 11.0223 6.05 1.21 44.35 48.39 8
21 6.7321 6.27 1.25 42.25 50.02 8

Table 4-3. Four hydroxyapatite hollow fiber recipes with different organic/inorganic

ratios.

3 1.29 5.44 1.08 49.80 43.67 8
9 1.11 3.17 1.42 48.06 47.34 15
7 1.09 1.45 2.84 45.96 47.75 10
8 1.08 481 1.52 47.09 48.10 10

Table 4-4. Hydroxyapatite hollow fiber recipes with hydroxyapatite power calcined at

different temperature

600

0.7986

0.2001

9.2028

8.0040

900

0.7986

0.2006

7.0474

8.0028
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4.3.2 Morphologies
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Figure 4-3. Cross section images of hydroxyapatite hoIIow flber reC|pe 4, 20, 30.

The morphologies of hydroxyapatite hollow fiber membrane of recipe 4, 20 and
30 were shown in Figure 4-3. All these three recipes membrane shows a non-symmetric
hollow fiber structure with an asymmetric layer structures. For recipe 4 hollow fiber, 5
different layers exist. From outside to inside, they are outside layer, large finger-like
layer, sponge layer, small finger-like layer and inside layer. This structure is similar to

the Al203 hollow fiber structure reported before®”. This sponge-like layer sandwiched by
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finger-like layers is the typical structure of the hollow fiber prepared by phase inversion
method®. During the phase inversion process, the addition of new phase-water disturbs
the original stable suspension system and leads to the precipitation of ceramic power and
chemical additives. This demixing process formed the hollow fiber structure. The solvent
exchange between NMP and coagulant promotes the outbound movement of ceramic
particle, in which a relative dense outside layer and macro-void inner layer are formed.
During the phase inversion process through a coaxial spinneret, two phase inversion
process occurs at the same time. One is between the solvent and external coagulant and
the other one is the solvent and internal coagulant. The inner phase inversion process
provides the inner finger like structure and the outside phase inversion process forms the
outside finger like structure. These two phase inversion processes were contacted and an
inner sponge layer formed. In our work, the internal coagulant is ethanol and external
coagulant is water. This difference results in the difference in the two finger like
structures. Furthermore, the thick inner finger like structure indicates that the phase
inversion between ethanol and NMP is weaker than the phase inversion between water
and NMP.

Recipe 20 and recipe 30 shows similar sponge layer structures, but only three
layers (outside layer, inner layer and one finger like layer) exist as shown in Figure 4-3 B
and C. Comparison between recipe 4 and recipe 20 and 30 in Table 4-4 showed the major
differences were the particle size and NMP solvent amount. Particle size increased from
recipe 4 to recipe 30 and NMP amount decreased. In order to discuss the effect of particle

size on the structure of hollow fiber membrane, a group of four hollow fiber membranes
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with same recipe (0.2g PVP, 0.8g PS, 8.5g NMP and 8 g HAP) and varied particle sizes

are prepared. Table 4-5 shows the properties of these four hollow fiber membranes.

Table 4-5. Properties of hollow fiber membrane recipe 4, 20 and 30.

Recipe HAP powder HAP/wt% | Average | Porosity/% | Shrinkage after
# Calcination pore sintering (%)
temperature(°C) size(nm)
4 600 44.13 633.0 38.95 28.57
20 900 49.86 490.5 40.36 23.59
30 1050 57.14 1576.6 44,78 14.24

As mentioned in chapter 2, variation in calcination temperature results in the

changes in particle size. In order to prepare different particle size hydroxyapatite powder,

four different calcination temperature from 600 to 900 °C were used to make

hydroxyapatite powder with size ranging from 211 to 526 nm. SEM images of these four

hollow fiber membranes were shown in Figure 4-4. A similar phenomenon was observed.

Hollow fiber A does not show any clear finger like structure and only one sponge layer

existed. From hollow fiber B to hollow fiber D, more and more clear finger like structure

were observed. In hollow fiber D, five-layer hollow fiber structure was observed. One

reasonable explanation for the structure deviation with the particle size is that viscosity

changes affect the demix process during the phase inversion process. Rheology properties

play a key role in any polymer solution or particle suspensions’ shape-forming

behavior®®. High viscous suspension is necessary to prevent the break of continuous fiber

into droplets and promote the formation of stable fiber, but too high viscous the ceramic

suspension prevents the finger-like void growth®. The viscosity of ceramic suspension

decreased from hollow fiber A to D. The viscosity of the suspension of hollow fiber A is
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4943 Pa.s, which is very high and then totally prevent the particle movement during the

phase inversion process. With the decrease of viscosity, the block effect decrease and the

finger like structure appeared. The outer surface was porous and B-3 and C-3 had the

small pore size than A-3 and C-3. The inner surface showed clear grain boundary and

sintering effect. The pore size of inner surface was larger than outer surface.

Figure 4-4. SEM imagé
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hydroxyapatite power calcined at 600 (A), 700 (B), 800(C) and 900(D) °C. 3 means the
outer layer and 4 means the inner layer.

Table 4-6. Properties of hollow fiber membrane by variation of particle size.

Temperat | Powder Viscosit | Shrinkag | Bending | Large Average | Porosity

ure/°C size, y@ 30 |eatl250 |strength | pore pore size | (%)
radius/nm | 1/s (cP) | °C (MPa) size(um) | (nm)

600 211.1696 | 4943 37.22% | 6.35 2.3880 1357.2 29.00

700 231.5163 | 772.4 29.54% | 6.02 0.9132 1541.9 37.33

800 389.6845 | 923.6 26.78% | 4.25 2.9967 1430.3 38.04
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900 525.8646 | 524.2 22.19% | 3.29 3.2679 669.1 46.81

The particle size changes also differenced bending strength. Larger particle leads

to a smaller bending strength. The relationship between particle size and bending strength
satisfies the experienced equation, where tensile strength ot is proportional to 1/,/d ;3.
As shown in the Figure 4-5, the bending strength is proportional to 1/,/d, with the R-

square equals 99.83%, which means the liner equations fits the data well.

Equation y=a+b'x
0.070 F |weight No Weighting
Residual Sum 4.85571E-7 n
of Squares o
| Pearson's r 0.99944 g
0.065 |- | Adi R-Square 0.99833 P
! Value Standard Error b
i Intercept 0.01601 0.001 »
i Slope 0.00827  195574E-4 | ’

0.060
N
< 0.055 - 23

Q

1)

0.050 |- N

0.045

|
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Figure 2-5. The liner relationship between bending strength and 1/\/@.
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4.3.3 Oil water separations

30000 — 100
= recipe 4 -waler test TES, by e
+— recipe 20-water test g e il : ::::: 30 | ] =0
25000 |- +— recipe 30-water test (38 * . " d80
h = recipe 4 -oil water test | AP . * L *
[ =+ recipa 20-oil water test 5| 470
*

20000 recipe 30-oil water test

- 60

15000 f1 50

rejectio ratio(%)

Flux(L/(hr*m**bar))
Permeate oil concentration (g/L)
L

: 440
1 |
S IF ssee o 430
. . .- L4 = £ 2 *
\ - - / -
5000 | ., e — i L e " 420
- :
] - . - .,.0 . =
:‘!i.o -, i . 0," = = 410
R e e — - i B 1
of 1 H ? T 1 ! L e ) 0
p . T T T — — —T T
o <0 40 a0 0 100 120 10 20 30 40 S0 60 7O B0 S0 100 110 120
Time(min) Time(min)

Figure 4-6. Flux(left) and Permeate concentration and rejection ratio (right) of recipe 4,
20 and 30 hydroxyapatites hollow fiber during the water permeation and oil water
separation process.

Figure 4-6 shows the water flux, oil water flux, rejection ratio and permeate oil
concentration. In the left figure in Figure 4-6, the black means the flux in the water
permeation test, and the red equals to the flux in the oily water test. Both flux deceased
due to the fouling effect that was caused by the deposition of ions or organics on the pore
surface. The flux in the oily water test was lower than the flux in the water test because
the fouling effect is more serious in the oily water test and the fact oil droplet size was
larger than water molecular size. In the right figure in Figure 4-6, the black lines
represent the oil concentration and red lines denote the rejection ratio. Low oil
concentration leads to high rejection ratio due to the definition of the rejection ratio.
From the rejection ratio variation, recipe 4 membrane barely transport all the mixture and
did not inhibit the oil permeation. The separation effect of recipe 20 is better than recipe
4 and recipe 30 shows the best separation effect. More than 90% of the oil was rejected in
the beginning and above 75% of the oil could not pass through membrane during the test.

These results are not consistent with the average pore size results, which showed that
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recipe 30 had the largest average pore size and then the lowest separation effects in
respond. Since the hollow fiber have several layers in one membrane, the separation
effect is based on the relative dense layer, but the average pore size was calculated
according to all the pore size. That explains for the fact that recipe 30 have better

separation effect but the average pore size is also the largest.

1500 100

| q 100
600 °C oil water test

700 °C oil water test v "
80D °C ol water test ] "\'l.: 1
800 °C ol waler test
600 °C walter test
00 C water lest
800 "C water test
900 °C water test

2
"
“*

N 4nl m_
r.'. *

00 b w W - 60

Flux/{L/hr*m’*bar)
-
=
-
»
a
L |
4k ® H 4 F 80
Concantration{g/L)
)
l
.
.
-
& B
rejaction ratia (%)

v

w
=

® B00'C e TOO'C & 800°C —w B0O'C | 20

L |
" N ¥ F

-
b S S—
Y "

b Wk

e an my
Zhowow 4

!
=1

s 4
L]
-
A

E
E
B
o
y
g

Time{ming Tirmey{min}

Figure 4-7. Flux(left) and Permeate concentration and rejection ratio (right) of recipe A
(600 °C), B (700°C), C (800°C) and D (900 °C) hydroxyapatites hollow fiber during the
water permeation and oil water separation process.

The flux of water and oily water permeation test was shown in the left figure of
Figure 4-7. The water flux was higher than oily water emulsion flux. The fouling effect
lead to the flux decrease. The sample 700 °C recipe hollow fiber had the lowest water and
oily water flux. The flux is proportional to the pore size, or the pore size of the relative
dense layer of the membrane. The pore size distribution was shown in Figure 4-8. For
each membrane, two peaks existed. The large one stands for the macrvoid structure and
the small one represent the relative dense layer. The 600-recipe sample did not have any
macrvoid as shown in the SEM image in Figure 4-4 and the size distribution also proved
that. For the relative dense layer pore size in Figure 4-8, the average pore size of 600 and
700 are similar and smaller than 800 and 900 recipe samples. Furthermore, the SEM

indicated that the pore size on the outer layer of recipe 600 was larger than recipe 700.
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Therefore, recipe 700 had the smallest pore size on the outer layer, which accounted for
the lowest flux. Recipe 700 also had good separation results as shown in the right figure
in Figure 4-7. More than 95% of the oil was rejected and oil concentration in the

beginning was lower than 1mg/L, which satisfied the discharge requirement.
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Figure 4-8. Pore size distribution of recipe 600, 700, 800 and 900.

4.3.4 Regeneration of hydroxyapatite hollow fiber membrane
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Figure 4-9. (Left) Flux variations of O-time regeneration (1st time), 1 time regeneration
(2" time) and 2 times regeneration (3 time); (Right) Permeate oil concentration and
rejection ratio of O-time regeneration (1st time), 1 time regeneration (2" time) and 2
times regeneration (3" time).
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One unique property of ceramic membrane is its reusability. In this work, used
hydroxyapatite hollow fiber membrane was regenerated by calcination in air to remove
the source of fouling effect. The oil water permeation results showed that the
performance were recovered. As shown in Figure 4-7, the permeate flux decrease due to
the fouling effect and initial fluxes are approximately 150 L/(hr*m?2*bar) and the final
fluxes are approximately 25 L/(hr*m?*bar). For the permeate oil concentration and
rejection ratio, they also did not change, even though some deviations existed. The slight
increase of rejection ratio and decrease of permeate oil concentration are due to
incomplete removal of all deposited materials on the pore of membrane. That decreases

the pore size and then increases the rejection ratio and decreases the oil concentration.
4.4 Conclusions

A series of hydroxyapatite hollow fiber were successfully synthesized by the
phase inversion method through a coaxial spinneret. Particle size is an important factor
that determined the morphologies of the membrane. Ceramic suspension needs to be
viscous to form the continuous hollow fiber, but when the viscosity of suspension is too
high, the solvent exchange during the phase inversion process does not lead to the
formation of the finger like macroviod structure. The recipe 700 has the best oil water
separation effect due to the relative dense outer layer. More than 95% of the oil was
rejected during the test and the oil concentration in the beginning was around 1mg/L,
which meets the discharge requirement. The fouling effect during the permeation affected
the separation and the oil concentration in the permeate increased. The regeneration
ability of the ceramic membrane was also tested by calcination of the used membrane in

the air. The flux and oil rejection ability could be recovered after regeneration.
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Chapter 5: Coating on hydroxyapatite membrane for
the dense membrane.

5.1 Introduction

All the hydroxyapatite hollow fibers synthesized are proved to be porous by water
permeation test. Dense hydroxyapatite hollow fibers have potential applications in water
permeation and hydrogen permeation due to the existence of the hydroxyl channel?® and
also the proton conductivity®® of the hydroxyapatite membranes. The prerequisite of these
applications is the dense hydroxyapatite membrane. One method to convert porous
membrane to dense membrane is coating. There are lots of research and various methods
existing to coat a hydroxyapatite layer on another substrate, due to the biocompatibility of
hydroxyapatite, such as sol gel and dip coating®?, sputter coating®, electrochemical
deposition®” and plasma spraying®. In this work, considering the substrate is also
hydroxyapatite and could act as seeds to grow another hydroxyapatite layer by
hydrothermal growth method. For most of the hydroxyapatite coating method,
hydroxyapatite is amorphous or poorly crystalline®. Additional sintering process is
needed to improve the crystallinity since in vivo dissolution of the poorly crystalline
HAP films®. Hydrothermal growth method has been proved to produced highly
crystalline hydroxyapatite®” °’. Therefore, hydrothermal growth method is applied to
deposit dense hydroxyapatite film on the porous hydroxyapatite hollow fiber. During the

common hydrothermal growth process, the mother solutions contains a calcium,
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phosphate precursor and the calcium chelating agent such as ethylenediamine tetraacetic
acid (EDTA) and lactic acid. The chelating agent promote the supersaturation of HAP
and then affect the crystal growth. Following heating supersaturates the solution and then
crystal hydroxyapatite forms. In this work, a similar process is performed based on a
electrochemical hydrothermal hydroxyapatite coating on Titanium plate®’ to form dense
hydroxyapatite layers. In this method, another agent Hexadecltrimethylammonium
bromide (CTAB) is added to promote the growth along a and b axis, otherwise, only c-

axis hydroxyapatite forms.

5.2 Materials

Calcium Nitrate Tetrahydrate (ACS, 99.0-103.0%), Ammonium hydrogen
phosphate (ACS, 98.0% min), Ethylenediaminetetra-acetic acid disodium salt dehydrate
(ACS, 99.0-101.0%), (1-Hexadecyl) trimethylammonium bromide (98%, CTAB) were
purchased from Alfa Aesar through VWR. Ammonium Hydroxide (ACS, 28-30%) were
purchased from BDH CHEMICALS. All chemicals were used as received without any

treatment and Deionized (DI) water was used in all purpose.
5.3 Experimental procedure

For a typical hydrothermal growth process, two prepared solutions (solution A
and solution B) was mixed and the pH of the mixture was adjusted to 10.0 by ammonia
hydroxide. Solution A contains Na2zEDTA (0.20 M), Ca(NOs3)2(0.2M) and 15 mi DI
water. 0.12M (NH4)2HPO4 was dissolved in solution B (15ml DI water). The mixture was
stirred for 20 mins before it was poured into a Teflon-lined stainless steel pressure vessel.
Sintered hydroxyapatite hollow fiber was submersed into the solution and then the Teflon

vessel was heated up to 200 °C for 15 hours. After cooling down, the sample was taken
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out and then rinsed by water serval times and dried. One time hydrothermal growth was
finished. When the CTAB (0.1M) was needed, the concentration of Na2EDTA (0.20 M),
Ca(N0O3)2(0.2M) and (NH4)2HPO4 decreased by half and the other procedures were same.
After the hydrothermal growth was finished, the hollow fiber samples were calcined at
700 °C for 6 hours with airflow. Three groups hollow fiber membranes were prepared to
discuss the coating effects and influence of CTAB. All of three groups undertook four
times hydrothermal growth. The first group was prepared without CTAB. In the second
group, CTAB was added during only last time hydrothermal growth. The last two
hydrothermal growth contains CTAB in the third group.

The morphologies of the membrane were recorded by scanning electron

microscopy (SEM) on a Hitachi SU-70 electron microscope.
5.4 Results and Discussions

The SEM images of the group 1 to 3 were shown in Figure 5-1. For all three
groups, c-axis hydroxyapatite with hexagonal structure could be observed. For the first
group (A-0 in Figure 5-1) without CTAB addition, the size of a single hexagonal
structure is around 5 pm and some small hydroxyapatite crystals exists due to the
deposition of the liquid hydroxyapatite during the hydrothermal growth. The cross
section of the hollow fiber shows the thickness of the new layer is around 50 pum. Similar
structures also appeared in the second and third group samples (B-1 and C-2). For a
single crystal, the size is around 8 and 10 pm in B-1 and C-2 respectively. The width
increase is due to the existence of CTAB, which promotes the hydroxyapatite growth in a
and b axis. Furthermore, the existence of CTAB also resulted in crack of the hexagonal

structure. That may be due to the different growth rate in different arises. There is no
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clear difference in the thickness of the new hydroxyapatite layer for three groups.
Furthermore, the new hydroxyapatite layer seems to be dense from the cross view, but
gas permeation test is needed to further prove that.

Hydroxyapatite hollow fiber was coated a dense hydroxyapatite layer by

hydrothermal growth method using the hollow fiber as seeds.
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Figure 5-1. SE images of the outer surface and cross-section of the first group(A-0),
second group (B-1) and third group (C-2) hollow fibers.
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Chapter 6: Conclusions and Future work

6.1 Conclusions

In this work, different morphologies hydroxyapatite membrane was successfully
synthesized by three methods and the application of hydroxyapatite hollow fiber
membrane in oil water separation was discussed. Flat and tubular membrane could be
synthesized by tape casting method, and the water permeation test and SEM images
showed that the membrane is dense. Hydroxyapatite hollow fiber membrane was
synthesized by phase inversion method through a single orifice or a coaxial spinneret.
The hollow fiber made through a single orifice had a very small diameter but the hollow
structure was difficult to form. Hollow fiber was commonly manufactured through a
coaxial spinneret and particle size played a key role in determining the morphologies of
the membrane by changing the viscosity of the ceramic suspension. A unique hollow
fiber showed good oil water separation efficiency by rejecting 95% of the oil and
regeneration ability by fully recovery of the flux and rejection ratio. The particle size also
influence the bending strength of the membrane and the relationship between them
satisfied an experienced equation. This is the first work that hydroxyapatite hollow fiber

was synthesized and HAP hollow fiber showed great potential in oil water separation.
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6.2 Future work

6.2.1 Internal coagulant influence on the structure of hollow fiber

During the manufacture of the hollow fiber membrane, two phase inversion
processes exist. One is between the external coagulant and suspension solution, and the
other one is between the internal coagulant and suspension solution. The external
coagulant is mostly water, but the internal coagulant varies. Different internal coagulants
lead to varied internal phase inversion, which leads to the inner layer structure of the
hollow fiber membrane. Small phase inversion process avoids the second void layer close
to the lumen. Equal phase inversion process between the internal and external leads to
symmetric hollow fiber with fiver layers. From outside to inside, the layers are the
relative dense thin outside layer, the out void layer, a sponge layer, the inner void layer
and a thin inner layer. Therefore, variation in the internal coagulant (such as water,
ethanol, 50%wt solvent and water) produces different structure hollow fibers.
Experiments by variation of internal coagulant and morphologies recorded by SEM could
prove this effect.
6.2.2 Sintering conditions on the structure of hydroxyapatite hollow fiber

Hydroxyapatite decomposes during the sintering process, since the sintering
temperature is higher than the dehydration temperature of the hydroxyapatite. Small part
of hydroxyapatite convert to TCP, which leads to impurities in the hydroxyapatite hollow
fiber membrane. Several methods exist to prevent the decomposition of the
hydroxyapatite hollow fiber, such as flow of steam during the sintering process could
inhibit this process. Furthermore, diverse sintering temperature results in different

sintering effects and the sintering temperature that leads to dense top hollow fiber layer is
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still unknown. Therefore, the sintering condition is another topic that is in need to discuss
about in the future.
6.2.3 Dense hollow fiber coated by hydrothermal growth

Dense hydroxyapatite hollow fiber has potential applications in hydrogen and
water permeation. However, due to the decomposing of hydroxyapatite at high
temperature, it is difficult to make dense hydroxyapatite hollow fiber membrane through
sintering method. A simple way to make dense hydroxyapatite is coating a dense layer on
the top layer. In chapter 5, addition hydroxyapatite layer was successfully added by
hydrothermal growth, but no experiments were done to prove it. Therefore, gas
permeation test on these coated hydroxyapatite hollow fibers is in need to prove the dense

properties of the membrane.
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