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Abstract

This project involves synthesis of Nano-precipitated calcium carbonate (NPCC) using

high gravity rotating packed bed (HGRPB). HGRPB reactor was designed, constructed and used

for preparation of NPCC. Concentration of Ca(OH), and CO, were investigated in this study with

fixed parameters. Rotating speed of stirrer motor was at 2000 rpm. Liquid flow rate was at 9

liter/min while CO, pressure was fixed at 10 Pa at room-temperature. Three parts of experiment

had been adapted for expected result as nanometer range. It was found that HGRPB reactor was

able* to prepare for NPCC of 200 nm at concentration around 2 g/l. However, NPCC was

confirmed using x-ray diffraction and scanning electron microscope.
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Chapfter 1

Introduction

1.1. Rationale

Nanotechnology is the creation of new mater.ia], devices, and systemns through the control
of matter on the nanometer-length scale, at the level of atoms and molecules. The essence of
nanotechnology is the ability to work at these levels to génerate nanostructures with
fundamentally new molecular organization. Finely dispersed nanostructure ot nanoparticles are
used in.numerous technological and medical applications sugh as .ceramic, polymer composites,
filter material, pigment, electronic, catalysts and many others. Several techniques have been
developed for such particles, some based on physical and some based on chemical principles.
Used mechanical grinding as a means to attain particles in the nanoscale (<100 nm) is net

practical for various reasons:

- The grain distribution is large.

- Obtaining particles smaller than lum‘is usually difficult, and can not be controlled
easily.

- The shape is irregular due to non-dirécted cracking.

- Particle size distribution is broad and uncontrolled.

. Therefore the need for wet chemical procedure is important. Wet chemical procedures
have been found to be promising due to their low energy requirements and better controller the

particle size. However when nanometer sized CaCO, particle are uscd in the polymer-particle



‘interface areas, it increases drastically and steric hindrances are reduced. T his' can tause

significant changes in the propeities of the composite.

Calcium carbonate (CaCQ,) is a common substance found as rock in all parts of the
world, and is the main component of shells of mafine organisms, snails, and eggshells. Calcium
carbonate is the active ingredient in agricultural lime, and is usually the principal cause of hard
water. It is commonly used medicinally as a calcium supplement or as.an antacid, but high

consumiption can be hazardous.

The vast majority of calcium carbonate used in industry is extracted by mining or
quarrying. Pure calcium carbonate (e.g. for food or pharmaceutical use), can be produced from a

pure quarried source (usually marble).

Calcium carbonate grades, in the form of: poWders, granules and slurries, are produced in
2 ways: through the extraction and processing of natural ores or synthetically through chemical
precipitation. Ground calcium carbonate (GCC) is primarily based on limestone and chalk, though
marble stone is imported and p;écessed at a few locations. Precipitated Calcium Carbonate (PCO).
is produced through a recarbonisation process -or as a by-product of some bulk chemical

.

processes.

Generally; normal calcium -oxide is. prepared by calcining crude calcium carbonate.
Water is added to give calcium hydroxide, and carbon dioxide is passed through this solution to
precipitate the desired calcium carbonate, referred to in the industry as precipitated calcinm

carbonate or call PCC.



There are various methods to produce PCC-nanoparticles. For exampls, gas evaporation -
[1]; however, thermal evaporation is a known limitation to this method for metals and

intermetallic compounds.

Sputtering [2] is one of method enabling the synthesis of nanoparticles. However, small

changes in pressure of Ar would change the particle size.

Mechanochemical synthesis [3] by placing CaCl,, Na,CO, and NaCl in a ball miller

obtained CaCO, in a NaCl matrix. However, NaCl waste is its disadvantage.

Double water in oil emulsion method [4] or modified LEM was developed to reduce the

expensive cost of synthesis equipment. However; it formed larger particles than expeéted.

Jianfeng Chen at Beij.ing University who researghed high gravity method, developed the
high gravity reactive precipitation (HGRP) with low cost [5] to synthesize the mass production of v
15-30 nm CaCO,. Although HGRP fethod produces expected nz;nopa:ticles, but still required
expensive syr;thesis eq.uipment. Therefore, simplified HGRP has been developed in this study to

;;roduce PCC nanoparticles.

High gravity method [6] has been employed for the synthesis of inorganic and organic
nanoparti.cles via gas-liquid, liquid-liquid, and gas-liquid-solid multi};hase reactions, -e.g.
inorganic né‘lnoparticles‘ like nanosized CaCO,, TiO,, Si0,, ZnO, Al,O,, ZnS, BaTiOAJ,'BaCOy
SrCO,; Al(OH), and Mg(OH), flame retardants, and organic nano-pharmaceuticals including
benzoic acid, salbutamol sulfate and cephradine. This technology has received extensive; attention

-

in the field of nanomaterials fabrication and application.



At nanometér length scale, new properties-and new. phenomena come about, materials
start behaving differently. The reduced size of nanoparticles is responsible for changed electronic,
optical and magnetic properties of nanoparticles and nanostructured materials in comparison with
the bulk material. As a result, in the case of so;:alant; and adhesives, PCCs nanoparticles (0.06 to
0.15 micron in size) build true thixotropic structure in sealants and adhesives when used at a 10-
percent or higher loading. PCC as a rheological additive provides viscosity, thixotropy, shear
thinning, and yield value for economicél, control of slump, sag, and extrusion or spray-application

rates. The nano also reinforce the polymiers, increasing tensile strength and modulus.

Nano or ultrafine calcium carbonate (CaCO,) particles have a variety of applications in
paper, rubber and paint manufacturing, cosmetics, as nucleating agents or fillers in

polymerization, and have even been suggested for use in drug delivery.
In Thailand, currently, has 800,000 metric tons/year production capacity from
approximately 10 manufacturers: and 95% of the .products are for domestic use. Demand of

calcium carbonate is increasing as a.result of 80% of the production is emphasized on hi-end

calcium carbonate [7].
1.2. Objectives

B To désign and construct a high gravity rotating packed bed HGRPB reactor.

®  To prepare Nano-precipitated calcium carbonate (NECC).
1.3. Scopes of study

B To design and construct the HGRPB reactor in lab scale.



® To find condition of the preparation~method. for NPCC by using constructed HGRPB -

reactor.

1.4. Expected result

®  To obtain HGRPB reactor for preparing NPCC with the particle size in nanometer range.
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2.1.1 Occurrence*

Calcium carbonate occurs abundantly in several natural minerals and rocks such as

Aragonite

Calcite

Vaterite or (1-CaCO,)

Chalk (Blackboard chalk is calcium sulfate, CaSO,)
Limestone |
Marble

Travertine

2.1.2 Limestone Resources of Thailand

There are a lot of area of limestone in Thailand i.e. Narathiwat, Suratthani, Ranong,

Phangnar, Chumphon, -Songkhla, Rayong,Satun, Chanthaburi, Prachuapkhirikhan, 'Uttaradit,

Phetchabun, Chiangrai, Nakhonsawan, Lampang, Chiangmai, Suphanburi, Ayuttaya, Loei,

Nakhonpathom, Phitsanulok, Khonkaen, Bangkok, Batdambang, Maehongson, Nan, Moulmein,

Li, Banmi, Ye, and Vientane.

2.1.3 Chemical properties

Calcium carbonate shares the typical properties of other carbonates. Notably:
It reacts with strong acids, releasing carbon dioxide:
CaCO,(s) + 2HCl(aq) — CaCl,(aq) + CO,(g) + H,0(l)

It releases carbon dioxide on heating (to above 840 °C in the case of CaCO,), to form

‘calcium oxide, commonly called quicklime, with reaction enthalpy 178 kJ / mole:



~GaCO, — CaO + CO, . -

Calctum carbonate will react with water that is saturated with carbon dioxide to.form the

soluble calcium bicarbonate..
CaCo, + CO, + H,0 — Ca(HCO,),

2.1.4 Preparation

The vast majority of calcium carbonate used in industry is extracted by mining or
quarrying. Pure calcium carbonate. (e.g. for food or pharmaceutical use}, can be produced from a

pure quarried source (usually marble).

Alternatively, calcium oxide is prepared by calcining.crude calcium carbonate. Water is
added to give calcium hydroxide, and carbon dioxide is passed through this solution to precipitate

the desired calcium carbonate, referred to in the industry as precipitated calcium carbonate (PCC):

CaCQ, — CaO + CO,
Ca0 + H,0 — Ca(OR),

Ca(OH), + CO, — CaCO, + H,0



2.1.5 Solubility ..

2.1.5.1 With varying CO, pressure

Table 2.1: Calcium ion solubility as a function of CO; partial pressure at 25 °C

e e g

Calculm ion S’Olllblllty as’ a~func1|on of !
ng P "a_lllial._pressure at 25 ‘3(1 QKSP =¥ 47::10"9)
Pogam) g |- [Ca ol
10712 12.0 519 x 103
[ Pp— - R
107 | 11.3] 1.12x107°
1078 _ 10.7 256 x 1074
i = -
0e 9.83 1.20x 107%
1074 | 8.62 3.1 x107¢
3.5 % 107 ¢ 8.27 4.70 x 1074]
1072 | 7.96| B2 x 1077
o2 . 7.30 142 % 1072
FOUUPE T B s o e peraedreeorr s et g anen J——
1071 6.63 3.05x 10673
1 ' 5.96| 6.58 x 1073
10 5.30 T a2 =102

Calcium carbonate is poorly soluble in pure water (47 mg/L at riormal atmospheric CO,

partial pressure as shown below).

The equilibrium -of its solution is given by the equation (with dissolved calcium

carbonate on the right):

CaCO, % Ca”™ +CO,” K, =3.7%10" 10 8.7x10° at 25 °C
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where the solubillity product for [Cazj_[CO:“]_ is given as-anywhere from K = 3.7x10” to K, =
8.7x10" at 25 °C, depending upon the data source. What the equati;)n meaﬁs is that the I;roduct of
molar concentration of calcium ions (moles of dissolved Ca”" per liter of solution) with the molar
concentration of disselved CO':. cannot exceed the value of K, . This seemingly simple solubility

equation, however, must be taken along with the more complicated equilibrium of carbon dioxide

withr water (see carbonic acid). Some of the CO;_ combines with H' in the solution according to:
HCO, % H'+ CO;” K,=5.61x10"" at25°C

HCO, is known as the bicarbonate ion. Calcium bicarbonate is many times more soluble

L3

in water than calcium carbonate -~ indeed it exists only in solution.
Some of the HCO, combines with H' in solution according to:
H,CO, % H' + HCO; | K, =25x10" at25°C
Some of the H,CO, breaks up into water and dissolved carbon dioxide according to:
H,0 + CO,(dissolved) % H,CO, K, = 1.7.0'><10‘3 at 25 °C

And dissolved carbon dioxide is in equilibrium with atmdspheric carbon dioxide

according to:

Peo, where k, = 29.76 atm/(mol/L) at 25 °C (Henry

[COs ku

constant),‘P CO2being the CO, partial pressure.

For ambient air, P, is around 3.5><1;O_4 atmospheres (or equivalently 35 Pa). The last
equation above fixes the concentration of dissolved CO, as-a function of P, independent of the

congentration of dissolved CaCO,. At atmospheric partial pressure of CO,, dissolved CO,
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coﬁi:entration is 1.2x10”° moles/liter. The equation before that fixes the concentration of H,CO, as
a function of [CO,]. For [C02]=1.2><10'5, it results in [HZCO3]=2.0><10—8 moles per liter. When

[H,CO,] is known, the remaining three equations together with
H0%H +O0H | K=10""at25°C

(which is true for all aqueous solutions), and the fact that the solution must be electrically neutral,
2[Ca™] + [H'] = [HCO, ] + 2[CO,”] + [OH] |

make it possible to solve simultaneously for the remaining five unknown concentrations (note that
the above form of the neutrality equation is valid only if calcium carbonate has been put in
contact with puré water or with a neutral pH solution; in the case where the origin water solvent

pH is not neutral, the equation is modified).

The table 2.1 shows the result for [Cah]'and [H+j (in the form of pH) as.a function of

ambient partial pressure of CO, (K, = 4.47x 10 * has been taken for the calculation).

l‘.:At atmospheric levels of ambient CO, the table indicates the solution will be slightly
alkadline with a maximum CaCO, solubility of 47 mg/L.

2. As ambie1.1t CO, partial pressure is reduced below atmospheric levels, the solution
becames more and more alkaline. At extremely low F COy, dissolved CO,, bicarbonate
jon, and carbonate ion largely evaporate from the solution, leaving a highly alkaline
solution of calcium hydroxide, which is more soluble than CaCO,. Note that"for Pooy=
10 ® atm, the [Caz)'][OH']2 product is still below the solubility product of Ca(OH),
.(8><10—6). For still lower 'CO2 pressure, Ca(OH)z prccipitation will occur before CaCO,

precipitation.
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a

3) As ambient CO, partial-pressure increases to levels above atmospheric, pH drops,.and
much of the carbonate ion is converted to bicarbonate ion, which results in higher

solubility of Ca™.

The effect of the latter is 'especially evident in day to day lifg of people who have hard
water: Water in aquifers underground can be exposed ‘to levels of CO, much higher than
atmospheric. As such water percolatés through calcium carbc;nate rock, the CaCO, dissolves
according to the second trend. When that same water then emerges from the tap, in time it comes
into equilibrium with CO, levels in the air by outgassing its excess CO,. The calcium carbonate

becomes less soluble as a result and the excess precipitates as lime scale. This same process is

responsible for the formation of stalactites and stalagmites in limestone caves.

Two hydrated phases of calcium carbonate, monohydrocalcite, CaCO,-HIO and ikaite,

CaCO,-6H,0, may precipitate from water at ambient conditions and persist as metastable phases.

2.1.5.2 With varying pH

We now consider the problem of the maximum solubility of calcium carbonate in rormal
atmospheric conditions (Feo, =35 x 10 atm) when the pH of the solution is adjusted. This is
for example ,the case in a swimming pool where the pH is maintained between 7 and 8 (by
addition of sodium bisulfate Na}‘ISO4 to decrease the pH or of sodium bicarbonate NaHCO; to
increase it). From the above equations for the solubility product, the hydratation rga_ction and the

. .. . . . 2 .
two acid reactiens, the following expression for the maximum [Ca "] can be easily deduced:

Kpky [H']
KnkuKaz Poo,

[C32+]mnx =

1

showing a quadratic dependence in [H']. The numerical application with the above values of the

constants gfves

i %
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Table 2.2: The maximum solubility of ca!ciuin carbonate when the pH of the solution is adjusted.

v o A ——— .- s T - -~ , ,I
pH 70 1_7'2 V & 80 82 827 |84 |
[Ca e (10 moI!L ) 1590 635 j101 3400 169 83 A 70 263
Lo - e - J— §
[CO%* Jmax (mg{L) 6390 ]'2540 '1010 {403 60 1639 254 18 9 {101
Comments:

decreasing the pH from 8 to 7 increases the maximum Ca’" concentration by a factor 100.

Water with a pH maintained to 7 can dissolve up to 15.9 g/L of CaCO,. This explains the

high Caz‘+ concentration in some mineral waters with pH close to 7.

note that the Ca’" concentration of the previous table is recovered for pH = 8.27.

keeping the pH to 7.4 in a swimming pool (which gives optimum HCIO/CIO ratio in the

case of "chlorine™ maintenance) results in a maximum Ca’" concentration df 1010 mg/L.

This means that successive cycles of water evaporation and partial renewing may result

in a very hard water before CaCO, precipitate_; (water with-a Caz*_ conccllltration above
. 120 mg/L or 30 °f is considered very hard). Addition of a calcium sequestring agent or

complete renewing of the water will solve the problem.
2.1.5.3 Solubility ini a strong or weak acid solution

Solutions of strong (HCl) or weak (acetic, sorbic, lactic, phosphoric) acids are

commercially available. They are commonly used as descaling agents to remove limescale

deposits. The maximum amount of CaCO, that can be "dissolved” by one liter of an acid solution

can be calculated using the above equilibrium equations.

In the case of a strong monoacid with decreasing acid concentration [A] = {A ], we

obtain (with CaCO, molar mass = 100 g):



Table 2.3:Solubility of CaCQOyin the-case of strong monoacid

, 1A] (m:)l_i‘L) 11
U ingatgn Jo00
Final.pH . ] B.;S
Sl o038 7o |t
: 1 I'he(r.of{ncid}h '

[N, ES—

r

14

:.10_:‘1_ .‘10,1.4110_-; 107" TU:;.?U: -_‘1_6_? 710:103
100 1200 300 {400 [500 BOO 679 '7.00 )
725 75 o |82 Jom om om 07 |
500 los1a 10.08491;0_0504 0.047410.0471 l0.0470 00470

§ S—

JUEUT WO

| NUSMESAEN VR

where the initial state is the acid solution with no Ca” (not taking into account possible.CO2
dissolution) and the final state is the solution with saturated Ca”’. For strong acid concentrations,
all species have a negligible concentration in the final state with respect to ca”’ and A so that the
ne;utr.ality equation reduces approximately to 2[Ca”"] = (A ] yielding (C“E-F]A'."L&Q:L. When the
concentration decreases, [HCO;] becomes non negligible so that the preceding expression is no
longer valid. For vanishing acid concentrations, we recover the final pH and the solubility of

CaCO, in pure water.

e In the case of a weak monoacid (here we take acetic acid with pK, = 4.76) with

decreasing total acid concentration [A] = [A—]+[AH], we obtain:

Table 2.4: Solubility of CaCO, in the case of weak monoacid

p wmemme o g i i i - SO S P U :
[A] (moliL) L L 102 10 107 10 j10® {107 107

P e i v e i S leniiunll s e R R

‘ Initial pH 23 (288 333 (391 447 [515 |602 la79 700

JUSURE 2 - i Srbnet s JE PRSI SeN— ,}_... s -

Final pH 675 725 '775 1814 825 (826 1826 1826 '8%

P - . : - T. ,.,,,__{.._. PRV B e o e e -

} 1 | }

' Dissohied CaCOs (gper 1 g7 109 0513 00848 0.0504 0.0474 [0.0471,0.0470 '0.0470

! liter of acid) P ! ! !

JUVIEDUUNPSOR e S Y

See that for the same total acid concentration, the initial pH of the weak acid is less acid
‘than the one of the strong acid; however, the maximum amount of CaCO3 which can be dissolved

is approximately the same. This is because in the final state, the pH is larger that the pKA, so that
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the weak acid is almost: coinpletely dissociated, yielding in.the end as many H+ ions as the strong

acid to "dissolve" the calcium carbonate

e The calculation in the case of phosphoric acid (which is the most widely used for
domestic applications) is more complicated since the concentrations .of the four
dissociation states corresponding to this acid must be calculateq together with tHCOJ_],
[COJZ—], [Ca™], [H+.] and [OH 1. The system may be reduced to a seventh degree

equation for [H+] the numerical solution of which gives

Table 2.5: Solubility of CaCO, in the case of phosphoric acid

e - U . -

[A] (moliL) 1 ot 102 10 J10".‘ 1075 j10® 1077 1070

Initial pH ~ 11.08 i1.82 225 (305 [401 500 |597 (674 1‘17‘00 ,

FinahpH 671 {717 763 |BOB 824 826 1826 (826 (827 |

frons e« - - PR Y ] I X S N
S ] T

|

Dissobved CaCOs (9 P®r 155 2733 gg74 |0.123 10.0536 0.0477 |0.0471 |0.0471,0.0470
liter of a(il(l)’ ; 1

. | RPN WA UOUROH N IS ——

N -

ORI

where [A] = [H,PO,] + [H2P04_] ¥ [HPOf_]. + [PO43_] is the total acid concentration. We sce
that phosphoric acid is more efficient than a monoacid since at the final almost neutral pH, the

second dissociated state concentration [HPO42 ] is not negligible (see phosphoric acid ).

2.1.6 Uses

2.1.6.1 Industrial applications

The main use of calcium carbonate is in the construction industry, either as a building.

material in its own right (e.g. marble) or limestone aggregate for road-building or as an ingredient

-

of cement or as the starting material for the preparation of builder's lime by burning in a kiln.
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Calcium carbonate is also used in the. purification of iron-from iron ore in a blast furnace..
Calcium carbonate is calcined in situ to give calcium oxide, which forms a slag with various

impurities present, and separates from the purified iron.

Calcium carbonate is also used in the oil industry in drilling fluids as a formation
bridging and filtercake sealing agent and may also be used.as a weighting material to increase the

density of drilling fluids to control downhole pressures.
Calcium carbonate is also one of the main sources used in growing Seaéret,e, or Biorock. -

Calcium carbonate is widely used as an extender.in paints, in particular matte emulsion

paint where typically 30% by weight of the paint is either chalk or marble.

Calcium carbonate is also Widel); used as a filler in plastics. Some typical examples
include around 15 to 20% loading of chalk in uPVC drain pipe, 5 to 15% loading of stearate
coate('i chalk or marble in uPVC window profile. PVC caioles. can use calcium carbonate at
loadings of up to, 70 phr (parts per hundred parts of resin) to improve mechanical ‘properties
(tensile strength and elongation) and electrical properties (volume resistivity). Poly;.Jropylene
compounds are often filled with calcium carbonate to increase rigidity, a requirement that
becomes important at high use temperatures. It also routineiy used as a filler in thermosetting

resins (Sheet and- Bulk moulding compounds) and has also been mixed with ABS, and other

ingredients, to form some types of compression molded "clay" Poker chips.

Fine ground calcium carbonate is an essential ingredient in the microporous film used in-
babies' diapers and some building films as the pores are nucleated around the calcium carbonate

particles during the manufacture of the film by biaxial stretching.

Calcium carbonate is also used in a wide range of trade and DIY adhesives, sealants, and

decorating fillers. Ceramic tile adhesives typically contain 70 to 80% limestone. Decorating crack



| 17
grinvomynnnn navssuindimanssi

fillers contain similar levels of marble or dolomite. It is also mixed with putty in setting stained. ~ wes o
glass windows, and as a resist to prevent glass from sticking to kiln shelves when firing glazes

and paints at high temperature.

Calcium carbonate is known as whiting in ceramics/glazing applications, where it is used
as a common ingredient for many glazes in its white powdered form. When a glaze containing

this material is fired in a kiln, the whiting acts as a flux material in the glaze.

In North America, calcium carbonate has begun to replace kaolin in the production of
glossy paper. Europe has been practicing this as alkaline papermaking or acid-free papermaking
for some decades. Carbonates are available in forms: ground calcium carbonate (GCC) or
precipitated calcium carbonate (PCC). The latter has-a very fine and controlled particle size, on

the order of 2 micrometres in diameter, useful in coatings for paper.

»

It is used in swimming pools as a pH corrector for maintaining alkalinity "buffer" to

offset the acidic properties of the disinfectant agent.

It is commonly called chalk as it has been a major component of blackboard chalk. Chalk

may consist of either calcium carbonate or gypsum, hydrated calcium sulfate CaSO,2H,0.

2.1.6.2 Health and dietary applications

Calcium carbonate is widely used medicinally as an inexpensive dietary calcium
supplement or antacid. It may be used as a phosphate binder for the treatment of
hyperphosphatemia (primarily in patients with chronic renal failure). It is also used in the
pharmaceutical industry as an inert filler for tablets and other pharmaceuticals. Calcium carbonate

is also used in homeopathy as one of the constitutional remedies.

71953
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Excess calcium from sapplements, fortified- food and high-calcium diets,-can-cause the
"milk alkali syndrome," which has serious toxicity and can be fatal. In 1915, Bertram Sippy
introduced the "Sippy regimen"” of hourly ingestion of milk and cream, and the gradual addition
of eggs and cooked cereal, for 10 days, combined with alkaline powders, which provided
symptomatic relief for peptic ulcér disease. Over the next several decades, the Sippy regimen
resulted in renal failure, alkalosis, and hypercalemia, mostly in men with peptic ulcer disease.
These adverse effects were reversed. when the regirﬁen stopped, but it was fata] in some patients .
with protracted vomiting. Milk alkali syndrome declined in men after effective treatments for
peptic ulcer disease. But during the past 15 years, it has been reported in women taking calcium
supplements above the récommended range of 1200 to 1500 mg daily, for' prevention and
treatment of osteoporosis, and is exacerbated by dehydration. Calcium has been added to over-
the-counter products, which contributes to inadvertent excessive intake. Excessive calcium intake
can lead to hypercalcemia, complications of which.include vomiting, abdominal pain and ‘altered
mental status. |

.A form of food additive is designated as E170. It is used in some soy milk products as a

=

source of dietary calcium; one study suggests that calcium carbonate might be bioavailable as the

calcium in cow's milk.

" 2.1.6.3 Ecological applications

In 1989, a researcher, Ken’Simmons, introduced CaCO, into. the Whetstone Brook in-
Massachusetts. His hope was that the calcium carbonate would counter the acid in the stream
from acid rain and. save the trout that had ceased to spawn. Aithough his experiment was a
success, it did increase the amounts of aluminium ions in the area of the brook that was not

treated with the limestone. This shows that CaCO, can be added to neutralize the effects of acid
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From the viewpoint of chemical reaction engineering, the reaction rate and subsequent
nucleation in precipitation will be controlled by the intrinsic kinetics without the influence of
micromixing in the region of t, < T, and controlled or influenced by micromixing when t,>T,
where t_ is the characteristic time of micromixing for species reaching a maximum mixed stéte at
the molecular level. Because of the very strong nonlinearity of homogeneous nucleation,
intensification of micromixing to reach the region of t_ < T should be taken so that the rates of
nucleation at different locations in a precipitator will be nearly the. same, and the PSD can thus be
controlled at a uniform level. The characteristic micromixing time can be estimated by the
equation:

t, =k, (u/e)*. @)

where k _ is a constant. Whereas its value has been given variously by different researchers; here
k _=16. As an éxample, iﬁ a common stirred tank, the value of the energy dissipation rate, € , is on
the order of 0.1<10 w-kgzl, and that .of kinematic viscosity, U , is 1x10° m’s” in aqueous
solutions. In this case, the characteristic microm.ixing time, ¢_, is estimated to be on the order of 5-
50 ms. In aqueous solutions, the value of the nucleation induction time is often on the order of 1
ms_ or less. Therefore, t »T. This implies that the PSD in a- stirred tank canriot be easily
controlled, and the scale-up effect will play a more important role owing to the poor micror’ni).dng.
Micromixing has little effect on crystal growth because of the lower rate of the latter. Only the
influence of macromixing at the vessel scale should be taken into consideration. It is evident that
nuclei will grow to the size of the particles with uniform size distribution only in the macro

environment of uniform concentration distribution.

On the basis of the above analysis, the rules of designing a reactor to prepare
nanoparticles with very narrow size distribution and controlled morphology by the precipitation

technology could be proposed as follows:
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(i) Separate the reaction and nucleation zones (RNZ) from the crystal growth zone (CGZ)
(ii) Locate the CGZ in a well-macromixed region

(iii) Design macro flow patterns in the RNZ as plug flow.

Following these, the optimal apparatus is the combination of a well-micromixed plug
flow reactor and a well-macromixed reactor. Since mass transfer rate and micromixing in a ’RPB
is much larger than that in a convéntional packed bed, this is very helpful for the generat:ion of
higher supersaturated concéntrations of the product in thc;. precipitation process. Wﬁen regarded as
a mixing device, a RPB is similar to a combination of a static mixe.r and a stator-rotator mi;er.
The value of 7, in RPB is estimated to be iO-I’OO us orders of magnitude, which is smaller than
the typical value of the nucleation inducticn time- of the order of 1 ms in aqueous solutions, and
therefore it could meet the requirement of 7, < T-and as a result the PSD ;:ould well be controlled.
Previous work by Guo has shown that the macro flow }:;éttem in a RPB is close to tl;at of the plug
flow. Theoretically, a RPB reactor is ideal for the i)reparation of nanoparticles according to the
above analysis. As a result, HGRP, which facilitates reactive precipitation taking place ‘under

high-gravitational conditions, is well adapted to the synthesis of nanoparticles.
2.9.2.2 Particle Size Distribution [32]

The particle size distribution (PSD) was calculated on the basis of the TEM or SEM
pictures. The influences of the operation conditions, thé gas flow rate, liquid. flow rate, initial
'concen‘tration, and rotating speed, that is, the high-gravity level on the PSD of CaCO3, were
experimental‘]y investigated without the addition of any chemical inhibitor. The effect of the high-
_gravity level, g can be estimated by the equation:

)2

out:

g, = (N/60)’(d, + d
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where
N is the rotating speed of the rotator in rpm) on the mean particle size of CaCo,
d,, is inner diameter of the rotator(mm)

d_, is outer diameter of the rotator(mm)

out
2.9.2.3 Spinring Disc Technology [33].

The pioneering development of an intensified spinning disc reactor (SDR) has enabled

research into potential areas of application for novel reactor technology to be undertaken.

The principlé of operation of the SDR is based on the creation of a high acceleration field

by rotation of a horizontal disc, the surfdce of which may be smooth or grooved.

Under the influence qf the centrifugal force, the reacting fluid fed to the centre of the disc
by a stationary feed pipe flowson the disc surface in the form of a thin film covered by numerous
surface ripples. Experimental e.vidence fpr thin film flow on a stationary inclined plane suggests
that these ripples or surface waves are probably responsible for vigorous mixing activity within
the film that enhances heat and mass transfer in the fluid.

.
The 'imﬁortan_t benefits offered by spinning-disc technology can be sumr.ned up as

follows:

1. The extremely h’igh.acceleratioh thus generated is capable of producing very thin films in
which heat transfer, mass transfer and mixing rates are likely to be greatly improved,
2. The effect of very short and controllable residence times achieved under the centrifugal

action enable heat sensitive materials to be processed without risk of degradation.
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3. The rotational speed of the spinning surface provides an additional degree of ._freedo'm
that can be readily manipulated for optimizati6n of equipment perfor{nénce.

4. The thin film. on-the rotating disc is likely to have a plug-flow character, which.is
-desirable to achieve high product throughput by limiting transfer reactions and irr;proving
control of prodyct properties, such as the molegular weight distribution (MWD) of

polymers.

The potential applications of such a high-acceleration environment in processes
involving separation, heat transfer, gas-liquid reactions, crystallizatioﬁ, precipitation of.
nanoparticles, etc. have been extensively reviewed by Ramshaw. The rotating disc surface would
appear to be a particularly attractive choice for systems which, in conventional reactors, are heat
or mass-transfer limited. Two main categories of reactions that exhibit such characteristics are

inherently fast exothermic reactions and polymerization reactions.

2.9.3 Industrial Production of Nano CaCO, Using HGRP [5]

Both theoretical analysis and laboratory experiments revealed that HGRP has great
patential for the preparation of nanoparticles, which led to a rapifj acceptance of this technology
by the nano-size CaCO, industry. At present, nano CaCO3 production lines using HGRP
technology have been put into operation in five er;terprises in China, varying in capacity from
3,0b0 to 10,000 t/a. A typical production line of nano Ca.CO3 by HGRP at “Shanxi Huaxin
Nanom'ater'ials Co., Ltd. is illustrated in figures 2.15. Reactions in the production process can 5e'
written as:

. CaCO, — Ca0 + CO,

Ca0 + H,0 — Ca(OH),
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© Ca(OH), + CO, — CaCO, + H,0

Limestone and coke are dumbcd;‘into the shaft kiln from the top, while air is blown into
the shaft kiln from the bottom via a fan. Limestone is éonv.erted into quicklime after calcination'in
the shaft kiln. The quicklime enters the slaker to form lime milk, which is pumped into RPB after
refining. In the shaft kiln air reacts with coke to form a kiln gas rich in CO,. After removing soot,
SO, and coal tar, the kiln gas is introduced into RPB to react wifh the lime milk to form a nano
CaCO, suspension, which is subsequently pumped into the 'm‘odiﬁcatio'n tank, where the nano

CaCoO, is upgraded and emulsified at a fixed tempe;ature by a surface-active agent.

—

Figures 2.15: Production flowsheet of nané CaCO, by HGRP in Shanxi Huaxin
Nanomaterials Co., Ltd. (1) limestone and coke; (2) air; (3) shaft kiln; (4) slaker; (5)

RPB; (6) modification tank; (7) filter; (8) dryer; (9) hano CaCO,

Modified nano CaCO, is post-treated by dewatering and drying to yield commercial nano

CaC(l)3 powders of the primary mean particle size of 30nm. No obvious scale-up effect occurs. )
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Industrial scale-up results indicated that production of nano CaCO, by HGRP has unique

advantages over conventional technology, as summarized in Table 2.7.

Table 2.7: Comparison of the production of nano CaCO, by conventional technology

Coaventionhal tachnology

ltems ] HGRF
Reactor types Stirred tank or fower, bubbling reactor RPB
Rate of micromixing Slow, 5-50 ms Fast, 0.01-0.1 ms
Rate of mass transfer Sloav. 1 . Fast, 10-100
>100 nm vAlhoul ¢rystal growth mnhibi-
Product paricle sizes tor: 100 i with crystal growdh inh- 180 VL AHOUL vl ot
tor. Morphology ks not easy to control. ) )
Batch reaction ime :;:1% 60-75 min, addtionat threa days Shott, 15-25 min ‘
; 5 )
Rencior voiumes (3000 tia) 30-60 1, 3 onctors. Investment 15 py g 4 m, Investment s cheap.

Controfisbility of production and
production cost
Scale-up offacts

dpensiva.

Difficet, repoatability of product quality
is pout, cost is high.

Large, hard o scale up

Easy, product quaihy is stable, cosl is
low.

No negalive scale-up eflects




3.1. Chemical and Apparatus

3.1.1 Chemical

- Calcium oxide (CaO)
- Distilled water

- Carbon dioxide (CO,)

3.1.2 Apparatus’

® pH meter

® Hoses

® Reactor

® Stirrer motor

@  Stirter motor with paddle
® Pump

® Feed Tank

@ Pressure gauge

e
Chapter 3
Experiment

1 Set

3 Lines.
| Set

1 Set

1 Set

1 Set
1 Set

1 . Set N
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It was observed that all the varied concentration of Ca(OH),, NPCC particles formed like
cubic rhombohg&ral crystals with large particle size distribution. The particles: were stacked
randomly. The results are similar torthosgsebtained by Chen et al. but they are 16 times larger.
The variation in particle size can be explained in term of crystal growth from the limitation of
rotating speed. Higher rotating speed of RPB might intensify micro-mixing and favored the .

formation of small particle.

4.2.4 XRD Study

The XRD patterns of NPCC powder were shown in figure 4.8 - 4.12. They agreed with
that of the calcite crystal structure in the JCPDS database. The characteristic diffraction peaks
attributable to calcite at (26) 29.5°, 47.3°, and 48.6° (corresponding to a set of d-spacing of 3.02,
1.92, and 1.87 nm., respecﬁvely) were unambiguously distinguishable as marked by the asterisks

in the plot, in good agreement with the literature data for calcite.
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Figure 4.8: XRD pattern of PCC using Ca(OH),: 2.57 g/2L
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Figure 4.9: XRD pattern of PCC using Ca(OH),: 400 g /2 L
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Figure 4.10: XRD pattern of PCC using Ca(OH),: 6.12g/2 L
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Figure 4.11: XRD pattern of PCC using Ca(OH),: 8.25g/2L
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Figure 4.12: XRD pattern of PCC using.Ca'(OH)Z:‘9.93 g/2L
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Chapter 5

Conclusion and recommendation

5.1. Conclusion

This special project a-high gravity rotating packed bed reactor, developed.i)y Chen et al.
was constructed and used to prepare NPCC. According to Chen et al., it was found that the

prepared NPCC were calcite with cubic form. The obtained NPCC were 10 times larger.

5.2. Recommendation

For further study, HGRPB reactor should be in the. horizontal way to prevent aqueous
leak. Moreover, several factors that influence the particle size.and morphology of NPCC should
be investigated. These are the concentrations of calcium hydroxide, Ca(OH),, flow rate of carbon

dioxide, rotating speed of RPB-and reaction temperature.
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