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CHAPTER I

INTRODUCTION

The recent boom of economic has given rise to a need of powerful and reliable
power supplier. Battery is a choice to consider as a power source for vehicles and
solar energy storage [1]. The development of lead-acid battery is further step in
continuing evolution. Began in 1859, a baitery was developed to a rechargeable
battery, by alternately charging and discharging.lead plates which immersed into
sulfuric acid solution [2]...The conventional lead-acid battery is called “flooded” type.
Its main disadvantage is'that the Cell has to be vented to release gases liberated during
charging: oxygen gas“at the positive electrode and hydrogen gas at the negative
electrode. At that time, the lead-acid batteries were operated in open jars and the
plates could easily beexchanged. Muc‘h‘ water lost constantly occurs through an

evaporation [3].

Limitations of flooded lead-acid batfer
1) Acid stratification :

Stratification of the electrolyte'_is:_caused by that the sulfuric acid in
electrolyte participates in the electrode reacti-onm of the lead-acid battery [5]. It means
that the concentration‘changes during charging and discharging processes along the
vertical side of electrodes. In flooded lead-acid battery, acid stratification can cause
severe problems.

Figure' 1.1 illustrates the origin of acid stratification [8]. When the battery is
discharged, the'concentration of the acid reduced, since sulfate (SO4*) ions are
absorbed by both€lecirades-and natural ¢convection is‘caused-hy the fact that the
electrolyte between plates attains a lower weight than the electrolyte beside and above
the plates. At the end of discharge, the concentration of the electrolyte is uniform
again, except for that share of the electrolyte localized below the plates, which
remains at the original concentration. Diffusion would equalize this concentration

difference but diffusion occurs at a slow process.



Discharging Recharging

-) () ) (+)

Figure 1.1 The origin ot_,acud tlflcathn when the lead-acid battery is discharged and
recharged. (Picture fromB}Aﬁt)g o Powé[ Sources 100 (2001): 29-46)

When the baye( is rechlar‘ged “sulfUric,acid is released from the active
material in the plates and‘th conCentratlbn of the acid increases between the plates.
So the highest acid conc tratlon is ach;eved between the plates. At the end of
charging process, the batteryis filled Wlth_'.-_g{;ghtly increased acid concentration to the
upper edge of the plates. ‘Fhe"dci'd-above: "iﬁ_@fplates remains diluted and there is no
reason for convection, because of the low wﬂgntof this acid.

Acid straufxfcatlon causes uneven-current dﬂstx:ibutlon and reduces the

efficiency mainly ofﬁle charging but also of the dlschai‘glng process. Furthermore,
acid stratification may become dangerous, because the concentration differences

between the top.and bottom parts of the cell'are growing from the cycle to cycle.

2) Overcharge reaction
Quvercharge reaction-limits;the shelf life-of flooded lead-acid battery [7]. As
the cell approaches 85 to 90% ‘state-of-charge, the ‘recharge’ reactions become less

efficient, and the positive electrode begins to evolve oxygen [8], equation 1.1:

Positive electrode: 2H,0 4"+ Oy + 4H" (1.1)

At the negative electrode, hydrogen ions react to form hydrogen gas:

Negative electrode: 4H"+ 4e H, 1.2)




The net reaction is water electrolysis:

2H,0

02 + 2H2 (13)

Thus, hydrogen and oxygen are released from the cell and water loss is an
effect from overcharge reaction. It means that water loss limits the life of the battery.
So that flooded lead-acid battery required a water filling during usability.

In the 20™ century, a new design of spill-proof lead-acid battery called
valve-regulated lead acid (VRLA) battery was invented, to correct the problem in
flooded lead acid battery.  The cells were«provided with cover to reduce a
maintenance expenditure on refilling Water into batteries. Only a little gas outlet
through a small hole with.a plug was provided. Immobilized electrolyte was also

developed and proved to be suitable.

1.1 Valve-regulated lead acid battery

Valve-regulated lead acid (VRLA) ‘i)atte_ries usually are characterized by a fast
running “internal oxygen eycle” which meaﬁs Jthat almost all the gaseous oxygen (Oy),
generated at the positive electrode, passed_:.-t;},@he negative electrode and recombine

with H" ion to form water, according to:

O, evolution at positive electrode: 2H,0 O +A4AH" + 4e (1.4)

2H,0 (1.5)

O, reduction at negative electrode: O, + 4H" + 4e°

The overcharge reaction at the positive electrode is thus compensated by its
reversal at the negative-electrode, and overcharging does not cause chemical changes

in the cell.
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Figure 1.2 The principle of the®overcharging reaction i VVRLA battery (Picture from Berndt,

D. Research Studies Press'Ltd.(2003)) h

In Figure 1.2, the i moblllzed electrolyte is Indicated as a bloc between the
electrodes. Oxygen t?ﬁort from the lposltlve to the negative electrode was fast
enough to carry the ov charglng current “So that hydrogen evolution is reduced to a
small value. Water Ioss” correspondmgly J,reduced and there is no direct relation
between water loss and overchaiging. Tas3 j_,;}

In the VRLA batteries_,J_[mﬁobilize?@;lgggrolyte is required to provide open

space for the fast trghﬁ;port of the oxygen gas between thg”'gjectrodes, often called dry

batteries. Otherwisé;fthe internal oxygen cycle is hind(g‘f'-_édM by the too slow diffusion
rate of the dissolved oxygen. Nowadays, two types of the immobilized electrolyte
have been used.
1. Absorbed-glasssmat | (AGM): . sulfuric acid | solution electrolyte is
immobilized in fiberglass or polymeric fiber separators.
2. Gelled ~¢lectrolyte:, electrolyte 1s” immobilized: by addition of a gelling
agent as silica (SiOy) in sulfuric acid solution.
The AGM battery is an extremely reliable energy-storage device, however, it
can suffer from the acid stratification. In general, gelled electrolyte battery has less
electrolyte-stratification under deep-discharge [3] and highly improved cycle-life [1].



1.2 Gelled electrolyte

Gelling is one method to immobilize the electrolyte. Attempts were made to
gelatinize the sulfuric-acid electrolyte in lead-acid batteries using inorganic and
organic thickeners prevent the acid from leaking out of defective cell containers.
Nowadays, highly dispersed mixture of sulfuric acid with specially prepared silicon
dioxide (or fumed silica, SiO,) is used. It stables over a long term, even to the
powerful oxidizing effects of the positive electrode and is environmentally safe and
technically easy to handle [9]. Aﬁld?g fumed silica in sulfuric acid yields a

&fy intensive agitation, which is taken

advantage of when filling. the battery eﬁﬁﬁon of the electrolyte is almost

repressed in gelled eleg_rgjyte*and [ n movement is restricted to migration and

diffusion. Moreover, thyuet(

Fumed silica is

thixotropic gel that can be kept highly 1

tlon fects are not.observed with gelled electrolyte.

5 bst nce to |mmob|I|ze sulfuric acid in gelled
frem—eVaporatlng S|I|con chloride in an oxygen-
bove 15009C to form SiO, molecule, as shown in
moi?culeéstrongly bond in siloxane group (Si-O-Si),

JI*" L]

ary,partlcles}of 10 nm size. As the particles move to

add

colder areas, they bind ogather to @mhke‘ aggregates with a length of

electrolyte. Fumed sili
hydrogen flame at temperat
Figure 1.3. Around 10,000
bind together to spherical pri

approximately 1 um. By further coollug—dawn they form agglomerates with a
diameter of 10 to Zég um. Figure 1.4 shows theMng;ljorce between the primary
particles that is the hydrogen bridge linkage. ?hé—sﬁgtéroups (Si — O — H) of two
particles come in contg}t and create the bridge linkage Igy exchange of their hydrogen

molecules.

imnctm ﬁhlulerms ‘ﬂ’?'ﬂ*ﬂeﬂ"ﬂﬂ Primary ;|Azarvznm é-,gmmenm
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Figure 1.3 Manufacturing process of fumed silica (Picture from Rush, W.; Vassallo, K.; and
Hart, H. BATTON 2006: 12(1) -12(8))



Figure 1.4 Hydrogen bridge linkage between parfiefeS (Ricture from Rush, W.; Vassallo, K ;
and Hart, H. BATTON 2006#42(1) =12 ) 4
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1.3 Literature review: Development of gelled electrolyte

The gelled electrolyte is the key factor affecting the performance of gel batteries
which the gel has been obtained by introducing particles of silica into sulfuric acid
solution. To form a good electrolyte, the optimum ratios of reagents should be
considered.

Hernandez et al. [11] prepared gelled electrolyte with different silica types.
Colloidal silica was compared the electrolyte formulation with fumed silica. It was
found that gelled electrolyte based on. fumed silica maintain the structure throughout
battery operation whereas colloidal silica gel lese gel strength along cycling although
it needed less time to form.gel. Moreover, restlis showed that the gelling time was
shorter when an increase of thestlica or sulfuric.acid concentration and reducing the
initial acid temperature was _possible to reduce the gelling rate. Wu et al. [12]
reported that the silica_gentent hacl the influences on capacity and self-discharge of
lead-acid batteries. The #€sult showed that the resistance increased as an increase of
silica content and structure of the gel alsQ became more compact which reduced the
capacity of batteries. The lower amount.qf_silica in gelled electrolyte had porous
structure which was benefit to'H', S, and, O, transportations.

To improve the perfermance of them':\}R;LA batteries, various additives were
investigated. Wei et al. [13] studied the _,é_ffect of adding SnSO, to sulfuric acid
electrolyte on deep discharge capacity of Ieéd:acid batteries. It was found that this
battery capacity improved under deep-discharge process.. Since, tin (11) would be
reduced to tin (0) on the negative plates during the recharged process and would be
oxidized to tin (IV) on the,positive platesgduring the discharge process. Thus, the
charge-discharge capacity could be improved by tin metal formation on the negative
plate.

Torcheux et al.. [14] developed a new electrolyte by mixing liquid colloidal
silica infsulfuric acid solution and added phosphoric acid as additive. The new
modified electrolyte batteries were tested. The results showed that using colloid silica
decreased acid stratification and using phosphoric acid improved the textural
evolution of positive active material due to a delay softening during cycling.
Moreover, the cycle life increased with this new electrolyte.

Bhattacharya et al. [15] examined a performance of electrode and the battery in
5 M sulfuric acid with the mixed additives such as mixtures of phosphoric acid and



boric acid, phosphoric acid and tin sulfate and phosphoric acid and picric acid. Based
on their studies, the mixed additives of phosphoric acid and boric acid, and
phosphoric acid and tin sulfate improved the cycle life of the lead-acid battery. The
corrosion on both negative and positive plates was also reduced.

Chen et al. [16] investigated the optimal concentration and particle size of
fumed silica in sulfuric acid solution using phosphoric acid additive to improve the
performance of gelled electrolyte. The high concentration of fumed silica exhibited
an increase of battery resistance. For particle size of fumed silica, it was found that a
diameter of 10 nanometer was aggregate easily while aggregation for diameter over
20 nanometer was more difficult. Moreover; the'agitation time of 10 minutes at high
stirring rate (2000-4000 rpm) _in- preparing electrolyte gave high capacity and low
resistance in battery testings

Posch [17] used polyacrylamide as'an additive in gelled electrolyte. It improved
the gelled electrolyte stiffness and reduced the use of SiO, for about 40%w/w when
compared with electralyte €ontaining SIO; anly. Jang et al. [18] studied the sol-gel
reaction of tetrathoxysilane (TEOS) in polyacrylamide (PAM) which a function of the
TEOS content was observed by atomic for(_‘,'e"-microscopy (AFM). It was found that
the PAM-silica hybrid materials presehtéd.‘ﬂt_he hydrogen bonding between the
carbonyl group of amide (AAM) and the silinéls of the silica gel. Moreover, in the
PAM-silica hybrid had the hydrogen bondihg’between two particles. Additionally,
the amide groups of the PAM formed inter- or intramolecule hydrogen bonds. So the
silica gel is more compact with interconnected structure.

Alter development.was done by adding an additive into the electrodes during
plates making.cKarimiet al. [19] presented the effect of sodium sulfate as an additive
in negative platé.on the performance of the lead-acid battery. Results showed that the
negative, electrode containing 0:1%w/w: sodium, sulfate increased| the discharge
capacityzmore than 3 and 12%w/w with respect to the negative €lectrode without
additive before and after cycling test, respectively. Addition of sodium sulfate also
increased the time of reaching to a cut off voltage and the cycle life up to 18%.
Moreover, using new agent instead of silica in electrolyte has been studied. Tang et
al. [20] prepared polysiloxane-based gel electrolyte (PBGE) for valve-regulated lead-
acid batteries by mixing organically modified polysiloxane with hydrophilic group,
methy! silicone oil, tetramethoxy silane and de-ionized water in a high speed mixer.

In comparison with AGM-CSGE (Colloid silica gel electrolyte) reference batteries,



the PBGE is good fluidity, low viscosity and long gel time to be filled into batteries.
Moreover, it improved the efficiency of positive active material in batteries and
enhanced battery capacity. It was also found that PBGE had the higher charge
efficiency, good conductivity to enhance electrochemical performance.

To investigate the efficiency of the gelled electrolyte, the following parameters
have been considered.

1) Gel strength and gelling time: in the battery filling process, electrolyte
injected into a battery has to be in suspension form. So the electrolyte gelling time
should be slow enough. After filling, eleciralyte should become gel which the gel
strength is an important requirement of the gelled electrolyte in battery. Thus, a
method for improving the gel strength should be optimized with gelling time.

Lambert et al. [21] investigated the gel strength of gelled electrolyte with a
simple method using pemetration depth of a falling lead sphere. However, the
structure of the gel samplgis destroyed after being measured.

Park et al. [22]«investigated the rheolagical behavior of silica gel using fumed
silica (diameter 12 nm)‘and polyacrylamide (MW = 6 X 10°% as additive in sulfuric
acid with a non-destructive technique;_' small amplitude dynamic oscillation
measurement, in which storage modulus V\'/’ﬁa:s”monitored with time and defined as gel
strength. Results illustrated that the gel strengfh and gelation rate increased as silica
content, sulfuric acid concentration and thé | amount fof adding polyacrylamide
increased.

2) Conductivity: it is an important parameter of an electrolyte system which
strongly affects the performance of electrochemical devices.

Grishimacet al. [23] studied the ‘electrical conductivity;of the suspensions of
silica in aqueous solution of sulfuric acid with a conductometric cell. The electrical
conduetivity-of5-70%w/w, sulfuric: acid solutionyincreased with, an jincrease in the
concentration of sulfuric acid and had the maximum conductivity at 33-35%w/w was
obtained while higher these concentrations, the conductivity decreased.

Lassegues et al. [24] prepared new compound of the polymer electrolyte by
choosing polyacrylamide (PAM) with sulfuric acid mixtures. The structural and
dynamical properties were reviewed by impedance, infrared and neutron
spectroscopies. Results showed that NH, group of PAM was transformed into NHs"
cation as —C-NH3;" when sulfuric acid was added into PAM solution. So that the

polymer blend indicated and presented the conductivity up to 10 S/cm.
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3) Capacity of battery: electrical performance such as conductivity and capacity
of a battery increases with the concentration of sulfuric acid in the electrolyte.

Pavlov et al. [25] observed the influence of sulfuric acid concentration on lead-
acid batteries with different concentrations between 1.15 to 1.33 gcm™®. The
12V/32Ah batteries were investigated for the initial capacity and the changes in
battery capacity on cycling test. For sulfuric acid concentration less than 1.24 gcm™,
the initial capacity of the battery was low but the cycle life was longer than 100
cycles. For sulfuric acid concentration over than 1.24 gcm™, the initial capacity of the
battery was high but the life of battery was short in maximum of 100 cycles.
Therefore, the usage is up to the requiremeniwiich need a high capacity or long cycle
life.

Lastly, in batteries filling” process, Toniazzo [26] studied gel preparing and
filling technique onto batieries. /The similar technique was mixing sulfuric acid and
fumed silica to form the thtxotropic gel, still having low viscosity under stirring, and
then, electrolyte was ptimped o fill under pressure into the container. The advantage
was that the gel was very homogeneous be_cause of mixing the agents under stirring.
Also this process allowed.@ precise control Qf the temperature.

1.4 Objective and scope of this the_s'_i_s-_

This research aims to develop gelled eieétrolyte for VRLA battery. The thesis
contains three parts. First, the optimum ratios of sulfuric'acid and fumed silica for
gelled electrolyte were studied. Second, the gelled electrolyte used with various
additives such as polyacrylamide, sulfate salt; Na,SO4, MgSO, or K,SO4, and mixed
additive; polyacrylamide and sulfate salts, were characterized an conductivity, gelling
time and gel strength. Conductometer was used to measure the conductance values.
Gelling,time and gell strength were indicated by penetratien depth,0f0.3-g of Pb balls.
At least) different gel formations in the VRLA batteries were monitored and the
performance of battery in term of capacity, period of usage and battery efficiency was
studied.



CHAPTER Il

THEORY

2.1 Chemical reactions in lead-acid battery

All types of lead-acid batteries have the same chemical reactions during
charging and discharging processes. Chemical reactions in lead-acid battery include
the exchange of electrical charges between ions. For the direct conversion into
electrical energy, the reaction has to be spilt.up_into two separate electrode reactions,
one that releases electrons; and the other one that absorbs electrons. The electron
exchange can be transformed«nte a current that flows through the charging device.

The reaction products‘at theelectrodes on charge and discharge of a lead storage
battery are given in the “double sulfate theory™ and this reaction is also reversible
reaction. At the positive electrode, lead dioxide reacts with sulfuric acid to form lead
sulfate and water (equation'24) while at the negative electrode, lead reacts with

sulfate ion to form lead sulfate (equation 2.2):

Positive electrode: PbO;, + 4H 4 S0, + 2¢
Negative electrode: Pb + SO~

PbSO, + 2H,0  (2.1)
PbSO, + 2¢ (2.2)

The overall reaction«a the battery is represented by the eguation:

Pb +.PbO, + 2H,SO, 2PbS0O, + 2H,0 (2.3)

Discharge_reactions in-Figure-2.1 reveal that'at the negative electrode, oxidation
of lead (Pb) to divalent lead ions (Pb?*) continuously reacts withsulfate (SO,%) from
sulfurichacid: (H,S©,) “electrolyte, and-means formation of lead-sulfate (PbSO,4) and
two electrons are released. At positive electrode, the two electrons enter and are
absorbed: to reduction of PbO, (Pb*") to divalent lead ion (Pb*) and means
conversion of lead dioxide (PbO,) into lead sulfate (PbSOy):

Pb* + 2¢ (2.4)
PbSO, (2.5)

Negative electrode: Pb
Pb*" + SO~
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Positive electrode: PbO, + 4H"+ 2¢¢ =——= Pb* + 2H,0 (2.6)
Pb* + SO~ PbSO, (2.7)
T T
Negative plate i Electrolyte i Positive plate
_________ JI___ - ____+ g i
Original material used b { 2H,50, and 2H,0 : Pb0,

lonization process

P e

T I TR PO

Current-producing : T
process '—F’ Ph2* — 2e

Final products of i \\ “--01---——[-1.__
discharge | 7;/ \Q@ 19

* om Berndt, D. Research Studies

Figure 2.1 Discharge reaetions of lead agic
Press Ltd (2003)) ,; e
ﬂdg-ﬂf
. a4 ZZ'I':' \

During charging as sho n | rm @ 2.2, both reactions are reversed from
discharge reaction. PbSOj4 are called reac! /hile Pb and PbO; are the primary

products at the negative and p.- 1€ , respectively:

R — 7
Negative electrode: PhSOs  =——— Pb™ : (2.8)
Plﬂ + (2.9)
Positive electrode: PbSQs _ <= Pb", 2 4+ 85047 (2.10)
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Final products of
discharge

lonization process

Figure 2.2 Charge reacti
Press Ltd (2003))

2.2 Performanc

2.2.1 Chargingle
e VRLA battery. At the
ration of electrolyte. During

Figure 2.
beginning, the float vo
charging period, the cell i tant current and the resistance drops
remain nearly constant [6]. Emﬁtﬁms:

2.11) present that the cell voltage
increases due to a uj}}_:rease in sulfuri i

hile the initial current is

constant in high level , the current decreases to

0 A when the charging period is long
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Figure 2.3 Typical charging schedule for VRLA batteries(Picture from Berndt, D. J. Power
Sources 100 (2001): 29-46)

2.2.2 Discharging/lead acid batter'y
At the beginming of the discharge, the voltage and the current decline
slightly. Afterwards, they are constant for.some time, until they suddenly decrease

within a couple of seconds [4] as shown in Figure 2.4.
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Figure 2.4 Typical discharging schedule for VRLA batteries (Picture from Berndt, D. J.
Power Sources 100 (2001): 29-46)
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2.2.3 Battery capacity

The capacity is the amount of current that can be taken within a cell. Lead
acid batteries are designated by the nominal capacity in ampere hour (Ah) and by the
nominal voltage, which has been standardized at 2.0 V/cell for the 12-volt battery (6
cells).

The capacity depends on the charge/discharge current and time.
Practically discharge capacity depends on many factors ancti can be given
unequivocally under fixed conditions.: The discharge capacity C :OI | dt is determined
in laboratory, usually with a constant discharge current (I); therefore C = It. Capacity
determination with a consiant resistan_ge IS perfdrmed only in special cases. The
discharge time (t) is defined-as the time to reach-a specified end or cut off voltage.
Figure 2.5 shows the pletof kwversus t where the region under the curve between the

start of the measurement{r[d the point v)/here the battery. is practically cut off voltage
is highlighted. The 'inte;nélf for the"Fnarksa area Is the discharge capacity.

cut off current

f
r
-l
-

o

Time

Figure 2.5 The area of the diseharge current versus time of a VRLADbattery

The capacity jof "charged “battery Is” obtained 'in ja~similar way. It is
calculated by integration of the charge current (I) over the charge time and

represented by the appropriate area below the appropriate plot.



16

2.2.4 Battery efficiency
The efficiency of battery refers to an amount of power used from battery.
It is calculated by dividing a discharge capacity with a charge capacity and its yield
percent is obtained from multiplying the efficiency by 100:

Battery efficiency = Discharged capacity , 199 (2.19)
Discharged capacity

AULINENINYINT
ARIAATAUNNIING A Y



CHAPTER Il

EXPERIMENTAL

3.1 Instruments and apparatus
The following is a list of instruments and apparatus used in this research.

Glove box (custom made)
0.3-g lead ball
S70-K sevenMulti eonductivity meter (Mettler Toledo GmbH,
Switzerland)
InLab 730-multipH-conductivity probe S47 (Mettler Toledo GmbH,
Switzerlang) ‘ |‘,
628 Rotating/disk electrode (Méthrom, Switzerland)
Micropipette 5.00 mL (Eppenaoff, Germany)
Micropipette 1.00 mL (Eppend?‘)_,_rfr_jGermany)
Beaker 100 mL (Schott Durant’r;.Germany)
Beaker 150 mL (Schott Durant, ' "éﬁ"nany)

Beaker 250 mL (Sehott Durant, Germany)

Beaker $080-ml_(Schott Durant,_ Germany)

Volumetric-Flask 100 mL (Schott Durant, Germany)

Volumetric'Flask 250 mL (Schott Durant, Germany)

Volumetric,Flask 1000.mL.. (Schott, Burant,-Germany)

Test tubes 10 mk (Schott Durant, Germany)

Digital clamp multimeter UT 200 series.(UNI-TREND.Group Ltd., Hong
Kong)

Standard digital multimeter UT 51 (UNI-TREND Group Ltd., Hong
Kong)

Helium lamp 35 Watt (Philips electronic (Thailand) Co. Ltd., Thailand)
CP 1210 charger (N.V. Battery Ltd., Thailand)

Electrolyte filling machine (N.V. Battery Ltd., Thailand)

VRLA battery (N.V. Battery Ltd., Thailand)
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3.2 Chemicals

All chemicals used in this research were AR grade. Concentrated sulfuric acid
(H,S0.), fumed silica (12 nm diameter) [22], polyacrylamide (MW = 6 x 10° g/mol)
[22], magnesium sulfate (MgSO,4) and conductivity standard solution were obtained
from Merck (Germany), Fluka (USA), Degassa, Scharlau Chemie S.A. (Spain) and
Mettler Toledo Thornton, Inc (USA), respectively. Sodium sulfate (Na,SO,4) and
potassium sulfate (K,SO,4) were received from Ajax Finechem (Australia). All

reagents were used as received.

3.3 Preparation of gelled electrolyte

This section explains proeceaures of gelled electrolyte preparation.

3.3.1 Preparation gfelectrolytes containing fumed silica and sulfuric acid

1) A 0.5-g fumed /silica was weighted and dissolved in 4.25 mL
concentrated sulfuricacid, The total volume was adjusted to 50 mL with deionized
(DI) water in 100-mL beaker. The mixfure was, then, agitated with a high speed
stirrer for 10 min at 3000 ppm [16] at r_o;or:h temperature. Electrolyte containing
19w/ fumed silica in 159wy siiifuric acid was finally obtained.

2) The process in- 1} was re,peéted with different volumes of the
concentrated sulfuric, acid; 4.43 mL, 5.6.6'-r'h-L, 7.08 mL, 991 mL, 11.32 mL,
12.74 mL, 14.16 mL,/15.58 mL, 16.99 mL, 18.40 mL, 19.82 mL and 21.23 mL, to
obtain electrolytes containing 1%w/v fumed silica in 20%w/v, 25%w/v, 30%wl/v,
35%wl/v, 40%wl/v, 45%wlv, 50%w/v, 55%wl/v, 60%w/v, 65%w/v, 70%w/v and
75%w/v sulfurie acid, respectively.

3) The process in 1) and 2) were repeated with different amounts of
fumedssilica; 1.0 ¢,1.5: g; 2.0:9+2.5 g, 3109, 3.5'9,4.0/0, 45 ¢,150g, 5.5 ¢, 6.0 g,
6.5 g, 7.0 g and 7.5 g to obtain electrolytes containing 2%wi/v, 3%wl/v, 4%wl/v,
5%wl/v, 6%w/v, 7%wlv, 8%w/v, 9%wl/v, 10%wl/v, 11%wl/v, 12%wl/v, 13%wl/v,
14%w/v and 15%w/v fumed silica, respectively, in various percentages of sulfuric

acid.
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3.3.2 Preparation of electrolytes containing fumed silica, sulfuric acid and
polyacrylamide (PAM) as an additive

A 1%w/v stock solution of PAM was prepared by dissolving 1.0 g PAM
in 80°C DI water and the total volume was adjusted to 100 mL with DI water in a
100-mL volumetric flask.

1) A 0.5-g fumed silica was weighted and dissolved in 9.91 mL
concentrated sulfuric acid. A 0.05 mL of 1%w/v PAM stock solution was added and
the total volume was adjusted to 50 mL with DI water in 100-mL beaker. The
mixture was, then, agitated with a high speed stirrer for 10 min at 3000 rpm at room
temperature. Electrolyte containing 1%w/v fumed silica and 0.001%w/v PAM in
35%w/v sulfuric acid was finally obtained.

2) The processin«1) was repeated with different volumes of the
concentrated PAM stock.solution; 0.10 mL, 0.15 mL, 0.20 mL, 0.25 mL, 0.30 mL,
0.35 mL, 0.40 mL, 0.45/mL; 0.50 mL, 0.60 mL, 0.70 mL, 0.80 mL, 0.90 mL,
1.00 mL, 1.50 mL, 2:00 mL,2.50 mL, 3.00 mL and 3.50 mL to obtain electrolytes
containing 1%w/v fumed silica. with. 0.002%w/v, 0.003%w/v, 0.004%wl/v,
0.005%w/v, 0.006%wivs 0.007%w/v, - 0.008%wh, 0.009%wiv, 0.010%w/v,
0.012%wi/v, 0.014%wi/v, / 0.016%wW/V, ";0‘.0“18%w/v, 0.020%w/v, 0.030%wi/v,
0.040%w/v, 0.050%w/v, 0.060%w#v and 0.0?Ol%wlv PAM in 35%w/v sulfuric acid,
respectively. g

3) The processes in 1) and 2) were repeated with different amounts of
fumed silica 1.0 g, 1.5 g, 2.0 g and 3.0 g to obtain electrolytes containing 2%w/v,
3%w/v, 4%w/v and 6%wi/v_fumed silica, respectively, in various percentages of PAM
and in 35%w/wesulfuric acid, “All the ‘mixings were done at room temperature unless

otherwise indicated.

3.3:3 Preparation of electrolytes containing fumed silica, sulfuric acid and

sulfate salts as an additive

A 30%w/v stock solution of sodium sulfate (Na,SO,) was prepared by
dissolving 30.0 g Na,SO4 with 60°C DI water in 100-mL volumetric flask.

A 20%w/v stock solution of magnesium sulfate (MgSO,) was prepared by
dissolving 20.0 g of MgSQO,4 with 60°C DI water in 100-mL volumetric flask.

A 10%w/v stock solution of potassium sulfate (K,SO,) was prepared by
dissolving 10.0 g of K,SO, with 60°C DI water in 100-mL volumetric flask.
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3.3.3.1 Preparation of electrolytes containing fumed silica and sulfate
salts in 35%w/v sulfuric acid

1) A 0.5-g fumed silica was weighted and dissolved in 9.91 mL
concentrated sulfuric acid. A 0.33 mL of 30%w/v Na,SO, stock solution was added
and the total volume was adjusted to 50 mL with DI water in 100-mL beaker. The
mixture was, then, agitated with a high speed stirrer for 10 min at 3000 rpm at room
temperature. Electrolyte containing 1%w/v fumed silica and 0.20%w/v Na,SO, in
35%w/v sulfuric acid was finally obtained.

2) The process in 1) wes repeated with different volumes of the
Na,SO, stock solution; 0.67 mL, 1.00 mL,+1.33' mL, 1.67 mL, 2.00 mL, 2.33 mL,
2.67 mL, 3.00 mL, 3.33'mL, 3.67 mL, 4.00 mL, 4.17 mL, 4.33 mL, 4.67 mL and
5.00 mL to obtain electrolyies containing 1%wi/v fumed silica with 0.40%wl/v,
0.60%w/v, 0.80%wi/v, 200%w/v, & 1.20%w/v, 1.40%w/v, 1.60%w/v, 1.80%wl/v,
2.00%wl/v, 2.20%w/v, 2.40%w/v,; 2.50%wlv, 2.60%w/v, 2.80%w/v and 3.00%w/v
Na,SO;, in 35%w/v sulfurigacid, respectively.

3) The processes in 1) and“ 2) were repeated by using 20%w/v MgSO,
stock solution, instead of/80%w/v NaZSO4';stb-ck solution. Different volumes of the
MgSO, stock solution; 0.50° mi, 1.00 mL‘;f 150 mL, 2.00 mL, 2.50 mL, 3.00 mL,
3.50 mL, 4.00 mL, 4.50 mL, 5.00 mt , 5.50 mL 6.00 mL, 6.25 mL, 6.50mL, 7.00 mL
and 7.50 mL was added to obtain electrol'yt'és" bontaining 1%w/v fumed silica with
0.20%wl/v, 0.40%w/V, 0.60%w/v, 0.80%wi/v, 1.00%w/v, 1.20%w/v, 1.40%wl/v,
1.60%wl/v, 1.80%w/v, 2.00%wiv, 2.20%w/v, 2.40%w/v, 2.50%w/v, 2.60%wl/v,
2.80%w/v and 3.00%w/\v-MgSQO, in 35%w/y sulfuric acid, respectively.

4) "Theprocesses in 1)iand2) were.repeated by using 10%w/v K,SO4
stock solution, instead of 30%w/v Na,SO, stock solution. Different volumes of the
concentrated K;SQz;  10<mle2:0, mb, 3:00mk ,74.00mly 50, mby, 6.0 mL, 7.0 mL,
8.0 mL,~9.0 mL, 10.0 mL, 11.0 mL, 12.0 mL, 12.5 mL, 13.0 mL,14.0 mL and
15.0 mL was added to obtain electrolytes containing 1%w/v fumed silica with
0.20%w/v, 0.40%wl/v, 0.60%w/v, 0.80%w/v, 1.00%w/v, 1.20%w/v, 1.40%wl/v,
1.60%w/v, 1.80%wl/v, 2.00%wl/v, 2.20%wl/v, 2.40%w/v2.50%wl/v, 2.60%wl/v,
2.80%w/v and 3.00%w/v MgSQ, in 35%w/v sulfuric acid, respectively.

5) The processes in 1) to 4) were repeated with different amounts of

fumed silica; 1.0 g and 1.5 g, to obtain electrolytes containing 2%w/v and 3%w/v
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fumed silica, respectively, in various percentages of sulfate salt in 35%w/v sulfuric
acid.

3.3.3.2 Preparation of electrolytes containing 8%w/v fumed silica and
sulfate salt in 35%w/v sulfuric acid
1) A 4.0-g fumed silica was weighted and dissolved in 4.43 mL
concentrated sulfuric acid. A 0.83 mL of 30%w/v Na,SO, stock solution was added
and the total volume was adjusted to 50 mL with DI water in 100-mL beaker. The
mixture was, then, agitated with a high speed stirrer for 10 min at 3000 rpm at room
temperature. Electrolyte containing 8%wi/v fumed silica and 0.5%w/v Na,SOy in
15%w/v sulfuric acid was finally obtained.

2) The preeess<in 1) was repeated with different volumes and
different sulfate salts. A 5:00.mL of the Na;SO, stoek solution, 1.25 mL and 7.50 mL
of MgSO, stock solutiony and 2.50 mL and 15.00 mL K,SO, stock solution was
added, instead of 0.83 " mL Na,30, stock selution, to obtain electrolytes containing
8%wi/v fumed silica with 8.0%w/v Naz“S_O4, 0.5%w/v MgSO,, 3.0%w/v MgSO,,

0.5%w/v K;SO,4 and 3.0%w/v K;SO4 in 15%W/v sulfuric acid, respectively.
3.3.4 Preparation of electrolytes contain-'ing fumed silica, sulfuric acid using

PAM andisulfate salts as additives

3.3.4.1 Preparation of electrolytes containing fumed silica using PAM
and-sulfate salts in 35%w/v sulfuric-acid

1) A 0.5-g-fumed, silica was weighted and..dissolved in 9.91 mL
concentrated sulfuric acid. A 0.05:mL"of 1%w/v PAM stock solution and 0.33 mL of
30%w/v Na,SO, stock solution was added and=the total volume was adjusted to
50 mL‘with' DI water in 100-mL beaker. The mixture was, then, agitated with a high
speed stirrer for 10 min at 3000 rpm at room temperature. Electrolyte containing
1%w/v fumed silica, 0.001% PAM and 0.20%w/v Na,SO, in 35%w/v sulfuric acid
was finally obtained.

2) The process in 1) was repeated with different volumes of the
Na,SO, stock solution; 0.67 mL, 1.00 mL, 1.33 mL, 1.67 mL, 2.00 mL, 2.33 mL,
2.67 mL, 3.00 mL, 3.33 mL, 3.67 mL and 4.00 mL, to obtain electrolytes containing
1%w/v fumed silica with 0.40%w/v, 0.60%w/v, 0.80%w/v, 1.00%w/v, 1.20%wl/v,
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1.40%w/v, 1.60%w/v, 1.80%w/v and 2.00%w/v Na,SO, in 0.001%w/v PAM,
35%w/v sulfuric acid, respectively.

3) The processes in 1) and 2) were repeated by using 20%w/v MgSO,
stock solution, instead of 30%w/v Na,SO, stock solution. Different volumes of the
MgSO, stock solution; 0.50 mL, 1.00 mL, 1.50 mL, 2.00 mL, 2.50 mL, 3.00 mL,
3.50 mL, 4.00 mL, 4.50 mL and 5.00 mL was added to obtain electrolytes containing
1%w/v fumed silica with 0.20%w/v, 0.40%w/v, 0.60%w/v, 0.80%w/v, 1.00%w/v,
1.20%w/v, 1.40%wl/v, 1.60%w/v, 1.80%w/v and 2.00%w/v MgSQ, in 0.001%w/v
PAM, 35%w/v sulfuric acid, respectively.

4) The processes In 1) and 2)"were repeated by using 10%w/v K,SO4
stock solution, instead of 30%w/v Na,SO, stock solution. Different volumes of the
K2SO, stock solution; 1.0.mlL 2.0 mL, 3.0 mL, 40 mL, 5.0 mL, 6.0 mL, 7.0 mL,
8.0 mL, 9.0 mL and 10.0"mk was added to obtain electrolytes containing 1%w/v
fumed silica in 0.20%w/w; 0.40%wiv, 0.60%w/v, 0.80%w/v, 1.00%w/v, 1.20%w/v,
1.40%w/v, 1.60%w/v;1.80%w/\z and 2.00%w/v K,SO, in 0.001%w/v PAM, 35%w/v
sulfuric acid, respectively. !

5) The processes in 1) to 4)_'v§/-ere repeated with different amounts of
fumed silica; 1.0 g and 1.5 g, o obtain éi.e'(:tﬂrolytes containing 2%w/v and 3%w/v
fumed silica, respectively, in various percerntag‘és of sulfate salt in 0.001%w/v PAM,

35%w/v sulfuric acid:

3.3.4.2 Preparation of electrolytes containing 8%w/v fumed silica
using PAM and sulfate salt in 35%w/v sulfuric acid

1) A 4.0-g fumed silica 'was ‘weighted ;and“dissolved in 4.43 mL

concentrated sulfuric acid. A 1.00 mL of 1%w/v PAM stock solution and 0.83 mL of

30%w/vNazSOy stock solution-was, added and-the total valume,was adjusted to 50 mL

with DI water in 100-mL beaker.” The mixture was, then, agitated with a high speed

stirrer for 10 min at 3000 rpm at room temperature. Electrolyte containing 8%w/v

fumed silica, 0.5%w/v Na,SO, and 0.001%w/v PAM in 15%w/v sulfuric acid was
finally obtained.

2) The process in 1) was repeated with different volumes and

different sulfate salts. A 5.00 mL of the Na,SO, stock solution, 1.25 mL and 7.50 mL

of MgSO, stock solution, and 2.50 mL and 15.00 mL K,SO, stock solution was

added, instead of 0.83 mL Na,SO, stock solution, to obtain electrolytes containing
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8%w/v fumed silica with 3.0%w/v Na,SO4, 0.5%w/v MgSO,, 3.0%w/v MgSO,,
0.5%w/v K>SO, and 3.0%w/v K;SO, in 0.001%w/v PAM, 15%w/v sulfuric acid,

respectively.

3.4 Measurement of conductivity, gelling time and gel strength

The electrolyte conductivity was measured by S70-K sevenMulti
conductrometer in connected with InLab 730 conductivity probe.

The measurement of gelling time was done by penetrating of 0.3-g lead ball into
the suspension every 15 minutes [11]. The depth of the falling ball was monitored
and an acceptable gel texture IS defined when.ihe penetrated depth is about 2-3 mm.

Gel strength is indicated throughd the penetrated depth of the falling lead ball
[21]. After the electrolyteWwas mixed and left still-for. 24 hours, the 0.3-g lead ball
was drop into the gel andithe penetrated depth was noted to indicate the gel strength.

3.5 Battery performancge using rﬁbdified gelled electrolyte

A 264-mL selected gelled-electrolyte_vy_as filled Into a 12-volt VRLA battery
using the electrolyte filling machine at N._;\/_. Battery Ltd., Figure 3.1. The battery
was, then, investigated for'its charge capaézi;ty{.--discharge capacity, discharge period

and efficiency.
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3.5.1 Chargingof the battery ! __.‘

The prel@ﬁmﬁint current of 1 A using a
-

CP 1210 charger. Chajges inv rrent (j_)jwere monitored every 15
minutes until the current,dropped to zero A, where battery was fully charged, using a

standard digit WE}tgg W@t%@%ﬂ@ﬂ %)ectively, as shown in

Figure 3.2. Thén, the charge capam}y was calculated from an area under the curve of

A RN S HTP TV oo o

plots was demons
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CP 1210 Charger

Digital clamp
multimeter

Standard digital
multimeter

Figure 3.2 a) Instrument for battery charging,
b) Demonstration of voltage measurement using a multimeter
¢) Demonstration of current measurement using a digital clamp multimeter



26

-==Voltage
== Current

14 '.%-o--.--o-o-----o----
12 .’...-.-.-. -

- 0.8
= .
SO 0.6 =
~ =
L 6 - -
So 04 =
> 2! 028
0 : f 0.0

o SR/ LA 4

= sTim’é»tﬁ;)a
Figure 3.3 The voltage ar;oi,cudt he current at the first charging of a VRLA battery containing
1%wl/v SiO, in 35%w/v H3S0, ectrolyte -

3.5.2 Dischargingof t tery ‘ _
After the charing pfocess; tFr_e:‘battery was discharged through a 35-Watt

halogen lamp. Changes in'valta e.(V) ang current (1) were monitored every 2 minutes

until the voltage dropped y._.'flfota_lffp:gripd, from the beginning of discharging

until the cut off voltage as‘[gporte’é_;r as discharging period. The instrument set
for battery discharging is s W@fﬁi'Figurei@@:ﬂ' he'discharge capacity of battery was

calculated from the area belqw,.ﬁgl;ﬁrent Versus time curve. The voltage versus time

was also plotted. m't'gxample of these blots was demons ;ped in Figure 3.5.

-l
\ "’J
w s

Figure3.4 Instrument for battery discharging through a 35-Watt helium lamp
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Figure 3.5 The voltage and the-eurrent at the first discharging of a VRLA battery containing
1%wi/v SiO, in 35%w/v H,SO4as electrolyte

3.5.3 Efficiency.of baitery
The charge gapagity from seci:ién 3.5.1 divided by the discharge capacity
from section 3.5.2 is obtained as the battery efficiency (equation 2.12).



CHAPTER IV

RESULTS AND DISCUSSION

This chapter describes a characteristic of prepared-gelled electrolytes and
effects of polymer and sulfate salt additives in term of conductivity, gel strength and
gelling time. Performances of valve-regulated lead-acid battery filled with the

developed-formula gelled electrolyte will also be discussed.

4.1 Silica-based electrolyte

4.1.1 Selection of silica=based gelled electrolyte

Various silicabased: electrolytes were prepared by mixing 1-15%w/v
fumed silica and 15-75%w/v sulfuric ac'id';' Table 4.1. Two forms of the electrolyte
were observed. One was a suspension x‘}YNhich was a homogeneous liquid form in
white color. The other'was a gel which ‘hald a look of solid-like structure that form
could not be changed even the containe,r-;_:.w-as tripped over. The suspended-form
electrolyte represented as S'in,Fable 4.1 v;l-a-sngbserved in the electrolyte with silica
content lower than 10%w/v. The gel-form_éi_egt_rolyte, represented as G in Table 4.1,
first appeared at 4%wi/v fumed silica in 75%W/v sulfuric/acid. In silica content of 5-
9%wl/v, the gel-form.electrolyte occurred in high percentage sulfuric acid. Results in
Table 4.1 suggest that the more fumed silica presents, the least the acidic condition
required for gelled electrolyte formation. ©nce the fumed silica content was higher
than 9%w/v, gel-form electrolyte appeared in every percentage sulfuric acid.

In practical, the preferred.electrolyte should not promptly form gel prior to
be filled into a batery. “Thus, the gelled electrolyte suddenly~forms in high silica

content would not be considered for a further development.
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Table 4.1 Characteristic of electrolytes at various ratios of fumed silica and sulfuric acid

2S04 (Yow/v)

15|20 | 25 | 30 | 35 | 40 | 45 | 50 | 55 | 60 | 65 | 70 | 75
SiO, (Yow/v
1 s|s|s|s|s|s|s|s|[s|s|S|s]|s
2 s|s|s|s|s|s|s|s|[s|[s|S|s]|s
3 Ss|s|s|s s|{s|s|s|s|s|s|s
4 s|s|s|s|lsis|[s|s|s|s|s|s|G
\!J (j/,
-
5 s|s i s |s/l/ Z __%. S|S|G|G|G|G
6 S| S |S1S ?T' S | G|G|G|G|G|G
= > .
7 S| ssHs/l/slshee | c|c|c|6 |6
w7/l
8 S y G|G|G|G|G
9 S 2, TGN 8 |G|G|G|G|G
10 G 546, G|G|G|G|G
11 Gl NG gl g cR R NcRRCl| RcE NG
l’@-i‘;‘_a;
12 G |G |G GG G|G|G|G|G|G|G
13 G < G65G |G| G |G |G
14 G ﬁ @ G| G|G|G|G
15 G|Gd& |G |G|6G|G|G|G|G|G|G|G
| A

“S” refers to suspended-form and “G™ refers to gel-form eIechonte. ‘

4112}‘:'+feck o—flsul'fu T aC|d Lan tlhe electrlcal peAformancé'of,the electrolyte
Electrical performance of the electrolyte was reported through a
conductance value (). Only suspended-form electrolytes reported in Table 4.1 were
selected for this study. The results are shown in Figure 4.1. Figure 4.1 (a) — (c) show
plots of conductance values measured from suspended electrolytes containing 1-
3%wil/v silica content, respectively, in 15-75%w/v sulfuric acid which the maximum
conductance of these electrolytes obtained at 35%w/v sulfuric acid. Figure 4.1 (d) —

(i), the maximum percentage of sulfuric acid used in the electrolyte containing high
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silica content, was less than 75%w/v. This dues to a limit of suspended-electrolyte
formation. Figure 4.1 (d) — (i) show the conductance data obtained form electrolyte
containing 4-9%w/v fumed silica in various sulfuric acid concentrations up to the
limit of the suspended-electrolyte formation. Plots in Figure 4.1 express an influence
of sulfuric acid concentration on electrical property of the electrolyte. Though, this is
not clear in the Figure 4.1 (i) where the gelled electrolyte was easily form in the
lowest percentage sulfuric acid, 15%wl/v, at 9%w/v fumed silica. Consider from
Figure 4.1 (a) - (h), it is simply seen that the electrolyte conductance rises with higher
percentage of sulfuric acid until it reaches @ maximum. This could due to an
increment of free ions, H* and SO, in the eleetrolyte. Beyond the maximum point,
the electrolyte conductance, however, decreased when more sulfuric acid involved.
This behavior appears at alissiliea contents and it could be explained by a charge on a
silica surface [21]. Thaisis, an high percentage of sulfuric acid, silica molecule is
protonated at a silanol grodip 10 form a positive charge (SiOH,") on the surface. This
positive-charge surfacé, then, attracts the SO,~ ion and consequently results in a
limitation of ion movementin the electrol“y_te. Therefore, the electrolyte conductance
decreases.

According to the result in Figﬁf'é"4ﬁ.l‘_1_, the percentage of sulfuric acid that
maximized the electrolyte conductance in ea'_ch;silica content was selected and listed
in Table 4.2. These data imply that electr(')iyt-e" éontained high silica content requires
less percentage of sulfuric acid for its maximum conductivity. In the other word, if all
plots from Figure 4.1 were overlayed onto a single scale, a shift of the maximum
point to a lower acid concentration would be expected when silica content increased.
Moreover, from Table 4.2, the maximum conductance value trends to decrease with
increase of silica content, except that of the electrolyte containing 1%w/v fumed

silica.
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Figure 4.1 Conductivity of electrolytes containing (a) 1%w/v fumed silica, (b) 2%w/v fumed
silica, (c) 3%wi/v fumed silica, (d) 4%w/v fumed silica, (e) 5%w/v fumed silica and (f) 6%w/v
fumed silica in different sulfuric acid concentrations from 15 to 75%w/v
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Table 4.2 Maximum conductivity (o) of suspended-form electrolytes at each silica content

SiO; (%w/v) | HaSO4 (Yow/v) c (mS/cm)
1 35 815+2
2 35 838+ 2
3 35 819+3
4 35 807 +2
3) 30 794 +2
6 30 772+4
7 30 769 +4
8 25 757+ 3
9 153 4 627+ 3

Since high® conductivity reflects goed electrical performance, the
electrolyte component of 1-4%w/v. silica, content in 35%w/v sulfuric acid that
provides a high conductivity, over than 800 mS/cm, would further be investigated in

the next section.

4.2 Addition of‘polyacylamide as an electrolyte/additive

According to the result in Table 4.2, the electrolytes containing 1-4%w/v fumed
silica in 35%w/v sulfuriesacid that prowuide high conductivity value would be
developed. Palyacrylamide (PAM) was used as a possibly electrolyte additive in this

section.

4.2.1 Electrolyte formation
Appearances of the electrolyte were altered by to not only the percentage
of fumed silica but also the percentage of PAM. Electrolyte containing 1%w/v fumed
silica and 0.001%w/v PAM in 35%w/v sulfuric acid appeared in a suspended form,
Figure 4.2. An increase of the PAM percentage beyond the 0.001%w/v value, a
heterogeneous appearance occurred. Figure 4.3 represents a mixture containing

1%w/v fumed silica and 0.010%w/v PAM in 35%w/v sulfuric acid. A precipitation-
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like occurred in the solution; white precipitate fell on the bottom of the container and
separated from the solution.

For electrolyte containing 2%w/v fumed silica and PAM in 35%w/v
sulfuric acid, suspended form was found when less than 0.020%w/v PAM was added
and the precipitation-look appeared in the electrolyte containing more than
0.020%w/v PAM. Similar to the 2%w/v silica-based electrolyte, the electrolyte
containing 3%w/v fumed silica and PAM in 35%w/v sulfuric acid appeared in
suspended-form when less than O. 030 /v PAM was added and appeared in the

precipitation-look when more than 0\ AM was included. Unlike all of the
above, the 4%w/v S|I|cabu§ed_ electro ed in suspended form at all
percentages of PAM aWO—O 40% ese data were summarized in

Table 4.3. / 78N \

Figure 4.2 Electrolyte containing 1%w/v fumed silica and 0.001%w/v PAM in 35%w/v
sulfuric acid; (a) and (b) top view, (c) and (d) side view
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Figure 4.3 Electrolyte contaiging 19%w/v fumed silica and 0.01%w/v PAM in 35%wl/v
sulfuric acid; (a) and (b) top vi o WA

(00 2

Table 4.3 Characteristr'kjof electrolytes at vario m gf:fumed silicaand PAM in

35%w/v sulfuric acid. 'r

PAM . == ﬂ

10%%wi)| 0.2/ 0.4 | 06 |08 (1.0 | 1.2 |14 16|18 |20 |3.0 | 4.0
SiO, (%ew/v) . ¢ o v ‘

1 r P P lp PlP|P
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“u | A
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w
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w
w
w

4 S| S|S|S|S

“S” refers to suspended form and “P” refers to precipitation.
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4.2.2 Effect of polyacrylamide on the electrolyte conductance

The conductivity of electrolyte containing PAM was studied.
Measurements were done in the suspended-electrolytes containing various amounts of
PAM, from 0 to 0.02%w/v. Figure 4.4 shows an effect of PAM on the conductivity of
electrolytes that was prepared from 1-4%w/v fumed silica in 35%w/v H,SO,. The
electrolyte conductance trended to increase with more percentage of PAM added.
The highest conductivity for most of the electrolyte was found in a mixture containing
0.02%w/v PAM, except the one with 1%w/v fumed silica. In the electrolyte
containing 1%w/v fumed silica in 35%wi/\v sulfuric acid, the highest conductance was
found to be 824 mS/cm when 0.001%w/v PAMpresented. Adding more percentage
of PAM into the 1%w/V/ fumed silica electrolyte was limited by the texture of

precipitation-like.  Therefore,~the maximum percentage of PAM used in this

e

electrolyte was 0.001%w/v.
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Figure ‘4.4 Conductivity, of electrolytes.composed of 1, 2, 3 land 4%w/v. fumed silica in
35%w/v H,SO, and different percentages of PAM

Table 4.4 shows a list of percentage of PAM that maximize the electrolyte
conductance (o) in each silica content. These electrolyte conductances are larger than
those reported in Table 4.2, compare at the same silica content. This would due to a
replacement of the positive charge on the silica-surface (SiOH,") under an acidic

condition by hydrogen bonding between amide group in PAM and the silanol group
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(SiOH) on silica surface [16, 21]. Then, the proton ions (H) are released from the
silica surface into the solution and cause a rise in the electrolyte conductance.
Therefore, these results indicate that PAM could be used to improve the electrolyte

conductance.

Table 4.4 Percentage of PAM that maximize the electrolyte conductance at each silica
content

SiO; (Yowlv) | PAM (%wl/v) o (MmS/cm)

1 0.00% 824 +2
2 0.02 873+3
3 0.02 839 +4

4 0.02 830 + 3

4.2.3 Effect of polyagrylamide on‘éelling time and gel strength

Gelling time of the electrolyte was monitored in two containers, 10-mL
test tube and 50-mL beaker. The beaker was a regular container used to prepare the
electrolyte mixture in laboratory. The test fube was included in this study because it
represents a tall shape,with small open on top WhICh similarly to the battery cell.

The electrolytes containing 1, 2, 3 and 4%w/v fumed silica in 35%w/v
sulfuric acid included with difference percentages of PAM were examined. The
mixtures of 1 and 2%w/y fumed silica were, unfortunately, not thoroughly form gel
with in 36 houfs"at any ‘percentage ‘of PAM added. Therefore, these electrolyte
contents were not included in this study. For the electrolytes containing 3 and 4%w/v
fumedsilicar imy 35%w/v. sulfuric jacid dncludedy with cPAM, ~gelsform electrolyte
appeared. in every percentage of PAMadded, up to'0.02%w/v, as shown in Figure 4.5.
Therefore, these mixtures would be used to study the effect of gelling time and gel

strength.
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Figure 4.5 A gel formatia ' of electr-g‘lyte cfd'mammg 3%wi/v fumed silica and 0.016%w/v
PAM in 35%w/v sulfuric acid fter—-preparedagﬁ??ft for 24 hours; (a) and (b) top view, (c)
and (d) side view

A ,,_ v e
-r- e v ‘_\J_f:qd

Figure 4.6‘. shows a continuously w:ﬁjgellmg time when more

percentage of PAM \ﬁ(as added into the electrolyte. ThlsTTappened in both containers.

In addition, the electrelyte containing higher percentage- of silica provided a smaller

number in gelllng tlme V\fnen compared at the same percentage of PAM.
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Figure 4.6 Gelling timesof trolytes containing 3 and 4%w/v fumed SiO, in 35%w/v
sulfuric acid and polyacry! |de inestitub and beakers

Unlike theM/J Ing tlme P | showed an opposite trend on the gel
hat the penetratlon depth decreased with an increase of
contamer The penetration depth, measured at 24 hours

strength. Figure 4.7 s
PAM percentage in beak P
right after the electrolyte was thoroughly rmx‘e;}, IS reciprocal to the gel strength. The

ad‘,

deeper the penetration |nd|cates th_e weakm‘s‘ In gel strength. An acceptable of gel

'\. l__

structure was determlned when the penetratlon depth of the lead ball is about 2-3 mm

[11]. Therefore, Flggre 4.7 suggests that the gel strength pf the electrolyte could be
improved by an addltlon of PAM. The result agrees, W|th the previous study [16]
which revealed that the amide groups in PAM form hydrogen bonding with silica
particles and fintra-molecular “hydrogen  bonds' form” between the amide groups of
PAM. This reason indicates that the electrolyte with PAM additive provide a stronger
structure, (Noteshere that-the=eonstangy; of 35=-mm penetration depth appeared at the
low percentages ‘of PAM ‘added dued to a limited height of the beaker container. The
same study was also done in the test-tube container and 0-mm penetration depth was

obtained in all electrolyte mixtures. Thus, the data were not considered here.
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Figure 4.7 Penetration. depth of a:0.3-g lead ball in electrolytes containing 3 and 4%w/v
fumed silica in 35%w/v SMQ acid and polyacrylamide
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It is clear rét 1o achleve a hl‘gh gel strength which would consecutively
provide a long service Ilfe battery [22] Wlth an appropriate gelling time, the amount of
PAM added into the S|I|ca,-based elgctrolytejshould be controlled.

-k

F J-' o ,_".. fl
4.2.4 Influence of operatlng tempera;ture on gelling time

-s.l—

Apart from the influence of S|I|ca content 0@ the gelling time, operating

temperature was sttld_wrd. The electrolytes containing 3, _4__and 6%w/v fumed silica in
35%wi/v sulfuric acic_ilwith various amount of PAMj_were prepared at different
temperatures; 15°C, 24“°C, and 80°C. Figure 4.8 shows,_ at all electrolyte contents, an
increase of gelling time with decreasing the operating temperature. For the
electrolytes containing 3 and 4%w/v fumed silica prepared at 15°C, their gelling times
were overithan-36- hours:, Therefore; these data“were not included on the scale in
Figure 4.8. " Effect of the Operating temperature was Obvious in the electrolyte
containing high silica percentage. Thus, the electrolyte containing 6%w/v fumed
silica was also displayed in Figure 4.8. The results indicated that low operating
temperature expanded the gelling time of the electrolyte. This information could be
useful in correcting the short gelling time that occurred when high percentage of PAM
added.
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Figure 4.8 Gelling timg;r/?i/rolytes containing 3, 4 and 6%w/v fumed silica in 35%w/v

sulfuric acid and polyacrylamide: i_The glectrolytes were prepared at 15°C, 24°C and 80°C.
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4.2.5 Electrolyte fo ioh in cellibattery

In an industrial patiery _fi’(lind:ﬁrocess, the prepared electrolyte should not

form gel prior to be fully fil ed mto a bétfery Therefore the percentage of fumed

X

Add’ Ydila
silica in the electrolyte should be kept as low as possible, results discussed in section

o
el 2

4.2.1. Electrolytes containing 1, 2 and %\}/v_ fumed silica and PAM in 35%w/v
A= -

sulfuric acid were, »t_[gen, considered for this study. . According to the electrolyte

conductivity, gellirﬁf};ime and gel strength studied Ef_]jsection 4.2.2 and 4.2.3,
0.001%w/v, 0.02%w/\_/; énd 0.016%w/v of PAM were se_:T?cted as an optimum additive
percentage that suit far the electrolytes containing 1,—2 and 3%w/v fumed silica,
respectively.

The formations of these electrolytes after filled into 12V/4Ah batteries
were shown-in Figuret4:91—4.11, | Riguren4:9 demonstratesithat arsuspended form
obtained:from the electrolyte containing 1%w/v fumed silica. A perfect gel formation
occurred, Figure 4.10, in the electrolyte containing 2%w/v fumed silica and unfully
filled electrolyte occurred in the electrolyte containing 3%w/v fumed silica, Figure
4.11.
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Figure 4.9 A battery filled Wm'relectrolyte con ing 1%w/v fumed silica and 0.001%w/v
PAM in 35%w/v sulfuric acg,d___ o e

Figure 4.10 A battery‘{ﬂled with electrolyte contalnlng—rz(@v fumed silica and 0.02%w/v
PAM in 35%wi/v sulfuric de .

¢ o o/

FlgurF 1§t lsh |th9] l?a‘wrfy 'fh%t“ \}vasl ﬁlrea with the electrolyte
containing 3%wiv fumed silica and 0. 016%w/v PAM in 35%w/v sulfurlc acid. It was
found th t:Lk}T elteﬁpl tecould m Fuilly b&“frlled Jw lhle ba“f'%tr Ihls could caused

ele

n between the eléctrolyte” and charget rodes in thé battery cell. In

by a re I:_-tl
general, the electrodes in battery are 80% charged prior to be composed in a battery.
When the electrolyte is in contact with these eletrodes, the gel formation process
would be accelerated.

From the result, it is noted that the prepared electolyte containing 3%w/v
fumed silica is not potentially to be used as an industry product because of the
limitation in the battery filling process. Thus, the electrolyte containing 1 and 2%w/v

fumed silica should be developed in the further studies.
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Figure 4.11 A battery filled with electrolyte Contdl ing 3%w/v fumed silica and 0.016%w/v
PAM in 35%w/v sulfuric acid <9 -

" nderstand an effect of sulfate salt additive in the
silica-based electrolytefan hes_battery capaeity. = Sodium sulfate (Na,SOy),
magnesium sulfate (MgSO,).an bié)talssi gulfate (K2S0,4) will be used in this study.

Due to a difficulty, of fulmg pre’e:ess. in the industrial occurred from the
electrolyte containing 3%w/ fumeel SIIIC&‘{{(JL35%W/V sulfuric acid, the electrolyte of
lower percentage of silica was donSJdered @;ﬂeveloped Thus, 1 and 2%w/v fumed

silica electrolytes will be used inthe followvhﬁ investigations.
_'_3; —
)

4.3.1 Effect of"su:ilfate salt on the conductance —

The conduc?ﬁvity of electrolytes containing sulfate salt; Na,SO4, MgSO, or
K2SO4, was studied. s jMeasurementswere; done «4n thessuspended electrolytes
containing varigus percentages of ‘sulfate salt from0.2 to 3.0%w/v. Figure 4.12 and
4.13 present the effect of sulfate salt on the conductivity of electrolytes prepared with
1 and 2%wiv fumed silica in 35%wiv sulfuric acid; respectively. 7 Both'plots show that
the electrolyte conductance decreases as percentage of any sulfate salt increases.
Although, the three sulfate salts gave almost the same conductance value at the same
percentage of added sulfate salt, electrolyte containing potassium sulfate as an
additive provided the highest conductance value among them.

Refer to the results in section 4.1.2, a similar trend observed after the
conductance reach the highest point at 35%wi/v sulfuric acid for electrolytes
containing 1-4%w/v fumed silica. That is the conductance decreases with higher
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percentage of added sulfuric acid. The similarity from the sulfuric acid, in section
4.1.2, and from the effect of sulfate salt, Figure 4.12 and 4.13, suggest that the
decrease in the electrolyte conductivity dues to an excess mole of sulfate ion alone,

regardless of cation.
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Figure 4.13 Conductivity of electrolytes containing 2%w/v fumed silica in 35%w/v H,SO,
and different percentages of sulfate salt additives: Na,SO,4, MgSO,and K,SO,4
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4.3.2 Effect of sulfate salt on the gelling time

Due to a slow process of gel formation in laboratory condition, electrolyte
containing high percentage silica, 8%w/v fumed silica in 15%w/v sulfuric acid, was
chosen to represent a study in the effect of sulfate salt additive on gelling time. The
amount of 0.5 and 3.0%w/v of sulfate salt; Na;SO,4, MgSO, or K,SO,4, was added in
the electrolyte and the gelling time was monitored. The results were reported in Table
4.5. The comparisons were performed with a controlled electrolyte which no adding
salt. These results indicate that sulfate salt additive lengthen the electrolyte gelling
time and the more the salt additive added, .the longer the time required for gel
formation. It is possible that most of the sianel groups (Si—-OH) of fumed silica in
electrolyte come in contact and create the bridge linkage by exchange of their
hydrogen molecules (Figure 1.4). When sulfate salt was added, the cation adsorbed
onto the —OH group, on.the silica surface, displacing and disrupting the hydrogen-
bond network around thessilica particles. “Therefore, electrolyte took a long time to
form gel. In addition, among the threév sulfate salts, MgSO, showed the longest

gelling time.

Table 4.5 Gelling time of electrolytes containiﬁé _S%.W/v fumed silica in 15%wi/v sulfuric acid
and sulfate salt additive

%w/v Sulfate salt Geliin-g time (hour)

None 7.50
0.5% Na»SO. 8:00
3.0% NazSO4 8.45
0.5% MgSQ4 8.30
3.0% MgSOq4 10.00
0.5% K3S04 7.75
3.0% K3SO4 9.00
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Gel strength of the electrolytes containing 8%w/v fumed silica in 15%w/v
sulfuric acid with different sulfate salts were not reported because their penetration

depths were all 0 mm after prepared and left for 24 hours.

4.4 Addition of PAM and sulfate salt additives in the electrolyte
PAM and sulfate salt; Na,SO4, MgSO, or K,SO,, additives were added in the

electrolyte. Then, conductivity and gelling time were investigated.

4.4.1 Effect of mixed additives on the electrolyte conductance

The conductivities of 1 and 2%w/vfumed silica in 35%w/v sulfuric acid
electrolytes containing PAM.and sulfate salt (Na;SO4, MgSO, or K,SO,) additives
were studies.

Percentage oi"PAM that provided the highest electrolyte conductance for
each electrolyte compongfit, based on-the result in Table 4.4, was selected and fixed.
That are 0.001%w/v and 0:020%w/v PAM were added into the electrolyte containing
1%w/v and 2%w/v fumedsilica, respectively. Then, percentage of sulfate salt;
Na;S04, MgSO,4 or K;SO,, In the elect_r(;)'I)}'tes was altered in the range of 0.2—
2.0%wl/v. Figure 4.14 and 4.15 represeni':é-n.;_effect of the mixed additives on the
electrolyte conductance. The. resuit show_ed_ that the conductivity decreased with
increasing the percentage of sulfate salt. At themsame percentage of added sulfate salt,
the electrolyte contained MgSO, provided the lowest conductivity.

Compare to/the conductivity of electrolytes without additive (815 and 838
mS/cm for 1 and 2%wi/v-fumed silica electrolyte, respectively -Table 4.2) and
electrolytes with PAMadditive (824 and 873 mS/cm for 1 and 2%w/v fumed silica
electrolyte, respectively -Table 4.4), the electrolytes containing the mixed additives
gave a, higher ‘coiduetance ~than 'those without ‘additive and) lewer than those
electrolytes added PAM. When compare to the electrolytes with a single sulfate salt
(Figure 4.12 — 4.13), it was found that the electrolytes with the mixed additive gave
the higher conductance in all percentages of sulfate salt.
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Figure®, 15 Condutivity of electrolytes containing 2%wiv furhed silica, 0:02%w/v PAM
and sulfate salt: Na,SO4, MgSO, or K,SO4 in 35%w/v H,SO4

4.4.2 Effect of mixed additives on gelling time
As stated in section 4.3.2, electrolyte with high percentage silica suit for
the gelling time study. Thus, electrolyte containing 8%w/v fumed silica and
0.02%w/v PAM in 15%w/v sulfuric acid was selected for this study by varying the
percentage of sulfate salt added, 0.5 and 3.0%w/v. Table 4.6 presents the gelling time
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of electrolytes containing 8%w/v fumed silica in 15%w/v sulfuric acid with the mixed
additives; PAM and sulfate salt. These results showed that the mixed additives
lengthen the electrolyte gelling time and the more the sulfate salt added, the longer the
time required for gel formation. In addition, among the three sulfate salts, MgSO,

resulted in the longest gelling time.

Table 4.6 Gelling time of electrolytes containing 8%w/v fumed silica and 0.02%w/v PAM in
15%w/v sulfuric acid with sulfate salt additive

%wl/v Sulfate salt Gelling time (min)

None 5
0.5%_Na2_S_O_;_ RS 8
3.0%Ea;§o4 r 12
08%MgSOu - || 4 13
3.0‘V?MgSO4 b 4 20

- Oshkse, s N7
3.0% K,S0: s

Gel strength of the electrolytes containing 8%w/v fumed silica and
0.02%w/v PAM in 15%w/v sulfuric acid with different sulfate salts were not reported

because their penetration.depths were all 0 mm after prepared and left for 24 hours.

4.5 Battery performance

In. this sectign, | selected electrolytes with ‘and- without additive studied
previously were filled into 12V/4Ah VRLA batteries using electrolyte filling
machine, Figure 3.1. Each battery was named according to the electrolyte
composition and they were listed in Table 4.7. All batteries will be examined in term

of capacity, discharge time and battery efficiency.
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Table 4.7 Batteries filled with different electrolyte compositions

Electrolyte composition
Battery
SiO; (Yow/v) | H2SO4 (Yow/v) Additive (Yow/v)

1Si 1 35 None

1SiP 1 35 0.001% PAM
1SiNa 1 35 2.5% NaySO4
1SiMg 1 35 2.5% MgSOy4

1SiK 1 35 2.5% K3S04
1SiPNa 1 35 0:.001% PAM and 2.5% Na,;SO4
1SiPMg 1 35 0.001% PAM and 2.5% MgSO,
1SiPK 1 Ciew T 0.001% PAM and 2.5% K,SO,4

2Si 2 353 None

2SiP 2 3542 4 0.02% PAM
2SiNa 2 B 2.5% Na,SO;
2SiPNa 2 35 L. 0.02% PAM and 2.5% NaySO4

4.5.1 Discharge capacity

The prepared batteries were charged and discharged for 50 cycles. A
discharge capaeity:for each-cyele was calculated fram an area-under a curve of current
versus time. Then, the-calculated-discharge capacity was plots against the number of
cycle. Figure 4.16 represents plots of discharge capacity of batteries containing silica-
based gelled electrolyte with 0.001%wi/v PAM additive (Figure 4:16 battery 1SiP) and
without additive (Figure 4.16 battery 1Si). Both plots show a nearly consistence of
the discharge capacity thorough out the first fifty cycles. The same behavior was also
found in the other batteries. Average discharge capacity values for the first twenty-
five and fifty cycles of each battery were concluded in Table 4.8.

In Table 4.8, the average discharge capacity values for the first 25 and 50
cycles of batteries containing 1%w/v silica-based electrolyte were compared. Less

than 3% differ between the two averaged values were observed for all batteries.
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These results confirm a consistency in discharge capacity of the VRLA battery. From
this consistency, all batteries containing 2%wl/v silica-based electrolyte were run for
25 cycles and the discharge capacities were calculated, as listed in Table 4.8.

At each percentage of silica-based electrolyte, all batteries containing
electrolyte with additive provided higher capacity than the one that containing the
electrolyte without additive. Among the batteries that contained single-additive
electrolyte, battery 1SiNa and 2SiNa provided the highest capacity in the battery set
containing 1 and 2%w/v silica-based electrolytes, respectively. Moreover, the
batteries containing single-additive electrolyte trended to have a higher capacity than
those containing the mixed-additive eleCirolyte, when compared under similar
conditions. These results suggested that the mix-additive electrolyte does not enhance
the battery capacity as powerfulas the single—additive electrolyte and among additives
in this study, Na,SO4 improved the battel'_ry capacity the most.

In comparisonsbeiween-the battery 1SiNa and 2SiNa when Na,SO4 was
added equally as an“additive |nt0 the. 1 and 2%w/v fumed silica electrolytes,
respectively, the battery containing 2%va S|I|ca based electrolyte provided a higher
capacity than the one with 1%w/v S|I|ca-based electrolyte and this was true for all

batteries containing 2%w/v smca based- electrolyte when compared at the same
additive. = =
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Figure 4.16 Discharge capacity during 50 test cycles of VRLA batteries containing (Battery

1Si) 1%w/v SiO; in 35%w/v H,SO,4 and (Battery 1SiP) 1%w/v SiO, and 0.001%w/v PAM in
35%w/v HzSO4
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Table 4.8 Average discharge capacity value for the 25 and 50 cycles of 12V/4Ah VRLA
batteries containing different electrolytes

Average discharge capacity (Ah)
Battery Additive
25 cycles 50 cycles
1Si None 1.93 1.88
1SiP 0.001% PAM 2.29 2.22
1SiNa 2.5% Na,SOs 2.42 2.36
1SiMg 2.5% MgSOs 2.19 212
1SiK 2.5% K,S0, 2.15 2.09
1SiPNa | 0.001% RPAN +2.5% NasSO. 225 218
1SiPMg | 0.001%PAM +25% M'g$.04 214 211
1SiPK | 0.0019% PANA 2.5% K-}s@ 2,02 1.96
2Si Nahe /A 235 i
2SiP dloobs PANE < ) 2.44 .
2SiNa 25% N&SO, | 257 i
2SiPNa | 0.029 PAM & 2.5% NasSOs | 2,38 i

*All batteries were named upon the contained electrolyte composition as listed in Table 4.7

4.5.2 Discharge time

The period.of battery usage usually results in discharge time and this can
deteriorate the discharge performance of batteries, Figure 4.17;represents plots of
discharge time of batteries containing.silica-based. gelled electrolyte with 0.001%w/v
PAM additive (Figure 4.17 battery 1SiP) and without additive (Figure 4.17 battery
1Si). Both plots show a nearly consistence of the discharge time thorough out the first
fifty cycles. The same behavior was also found in the other batteries. Average
discharge time values for the first twenty-five and fifty cycles of each battery were
concluded in Table 4.9.

In Table 4.9, the average discharge time values for the first 25 and 50

cycles of batteries containing 1%w/v silica-based electrolyte were compared. Less
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than 5% differ between the two averaged values were observed for all batteries.
These results confirm a consistency in discharge time of the VRLA battery. From this
consistency, all batteries containing 2%w/v silica-based electrolyte were run for 25
cycles and the discharge times were calculated, as listed in Table 4.9.

At each percentage of silica-based electrolyte, all batteries containing
electrolyte with additive provided longer discharge time than the one that containing
the electrolyte without additive. Among the batteries that contained single-additive
electrolyte, battery 1SiNa and 2SiNa provided the longest discharge time in the
battery set containing 1 and 2%w/v silica-based electrolytes, respectively. Moreover,
the batteries containing single-additive elecirglyte trended to have a longer discharge
time than those containing the mixed-additive electrolyte, when compared under
similar conditions. These_ resulis suggested that the mix-additive electrolyte does not
enhance the battery usagesperiod.as much as the single-additive electrolyte and among
additives in this study, NagSQy improved the battery discharge time the most.

In comparison between the battery 1SiNa and 2SiNa when Na,SO, was
added equally as an additive into. the “_1 and 2%wl/v fumed silica electrolytes,
respectively, the battery gontaining 2%W/v';si'll'-ica—based electrolyte provided a longer
discharge time than the one/with 1%w/v s'iivif‘éé;based electrolyte and this was true for
all batteries containing 2%w/v silica-basedﬂ '_elébtrolyte when compared at the same

additive.
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Table 4.9 Average discharge tir Ocy les of 12VV/4Ah VRLA batteries

containing different electrolytes

Battery 2rage discharge time (min)
25 cycles 50 cycles
1Si 40
1SiP 49
1SiNa 2.5% NazSO, -7, 51
F ‘ n u
wsive @ YBIIWBNINE TN
1sik f 2.5% K,SO4 L4 |, 4
~ ‘ i Fal )

el | Goddonm Eoshadiol (2 Vil TRV E) o
1SiPMg 0.001% PAM + 2.5% MgSO4 46 45
1SiPK 0.001% PAM + 2.5% K,SOq4 43 42
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Table 4.9 (continue) Average discharge time value for the 25 and 50 cycles of 12V/4Ah
VRLA batteries containing different electrolytes

Battery Additive Average discharge time (min)
25 cycles 50 cycles
2Si None 49 -
2SiP 0.02% PAM 52 -
2SiNa 2.5% Na,S0O, 54 -
2SiPNa 0.02% PAM + 2.5% Na,S0x 50 -

*All batteries were named upon the contained electrolyte'composition as listed in Table 4.7

4.5.3 Efficiency of battery.

The prepared baiteries were charged and discharged for 50 cycles. The
charge and discharge eapagitigs for each Cycle were calculated from an area under a
curve of current versus'time. . Then, the battery efficiency was calculated using
equation 2.12. Table 4.0 ‘presenis avérag'e charge capacity, average discharge
capacity and the calculated battery efficiehégy'fo.r the first twenty-five and fifty cycles
of each battery.

In Table-4.10; the battery efficiency values for the first 25 and 50 cycles
of batteries containing 1%w/Vv silica-based electrolyte were compared. Less than 2%
differ between the twao averaged values were observed for all batteries. These results,
again, confirm a consistency in charge capacity and discharge capacity of the VRLA
battery. From. this consistency, all ‘batteries ‘corntained-2%w/v silica-based gelled
electrolyte were run for 25 cycles and the battery efficiencies were calculated, as
listed in<Table 4.10-

At each” percentage “of“silica-based electrolyte, all-batteries containing
electrolyte with additive provided greater battery efficiency than the one that
containing the electrolyte without additive. Among the batteries that contained
single-additive electrolyte, battery 1SiNa and 2SiNa provided the greatest battery
efficiency in the battery set containing 1 and 2%w/v silica-based electrolytes,
respectively. Moreover, the batteries contain single-additive electrolyte trended to
have a greater battery efficiency than those containing the mixed-additive electrolyte,

when compared under similar conditions. These results suggested that the mix-
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additive electrolyte does not enhance the battery efficiency as much as the single-

additive electrolyte and among additives in this study, Na,SO, improved the battery

efficiency the most.

In comparison between the battery 1SiNa and 2SiNa when Na,SO, was

added equally as an additive into the 1 and 2%w/v fumed silica electrolytes,

respectively, the battery containing 2%w/v silica-based electrolyte provided the

greater battery efficiency than the one with 1%wi/v silica-based electrolyte and this

was true for all batteries containing 2%w/v silica-based electrolyte when compared at

the same additive.

Table 4.10 Battery efficiency for the 25 and 50 cycles of 12V/4Ah VRLA batteries
containing different electrolytes

AvEerage Average
charge: & discharge Battery
Battery | Additive cApacity (Ah) |\ capasity (Ah) efficiency (%)
25 50 |\ 2% 50 25 50
gycles cyclvé;_:sl, cycles | cycles | cycles | cycles
Si No 250 2478 193 188 | 7749 | 76.22
1SiP PAM 2.52 246/ - 2:29 2.22 90.96 90.34
1SiNa Na,SO, 2.61 2.56 2.42 2.36 92.62 92.19
1SiMg MgSO, 2.63 2.58 2.19 2.12 83.42 82.07
1SiK K,SO, 2.65 2.60 2.15 2.09 81.11 80.23
1SiPNa | PAM + Na;SO4 254 2.50 2.25 2,18 88.64 87.08
1SiPMg_| PAM + MgSO, 2.62 2.58 2116 211 82.62 81.93
1SiPK PAM + K;SO, 255 2.46 2.02 1.96 79.35 79.12
2Si No 2.50 - 2.35 - 94.15 -
2SiP PAM 251 - 2.44 - 97.29 -
2SiNa Na,SO, 2.62 - 2.57 - 98.01 -
2SiPNa | PAM+Na,SO4 2.49 - 2.38 - 95.34 -

*All batteries were named upon the contained electrolyte composition as listed in Table 4.7




CHAPTER V

CONCLUSIONS

In this thesis, gelled electrolyte for valve-regulated lead-acid (VRLA) battery
has been developed. The ratio of gelling agents; fumed silica and sulfuric acid, were
optimized. After mixing, the electrolytes were observed in two forms. One was a
suspension at low percentage of sulfuric acid and fumed silica and the other was a gel
at high percentage of the reagents. The electrolytes contained 1-4%w/v fumed silica
in 35%w/v sulfuric acid provided high* eonductance over than 800 mS/cm.
Polyacrylamide (PAM) and sulfate salt; Na;SO,, MgSO, or K,SO4 were used as
additives to improve the'gelled-€lectrolyte performance. Increasing in conductance,
improving in gel strength and shortening in gelling time were observed when PAM
was included into the.electgolyie . The gelling time, in addition, could be extended by
using a low operating temperature. Theréfore, addition of PAM into the electrolyte at
controlled low temperature would give a étrengthen-gelled electrolyte that has an
appropriate gelling time. Unlike the PAM additive, addition of sulfate salt or mixed
additive; PAM and sulfate salt, inthe electrolyte caused a decrease in conductivity
and increase the gelling time. ‘However, ad'diﬁﬂ‘bn of sulfate salt or mixed additive in
the electrolyte enhanced the performance of battery.in term of capacity, usage period
and battery efficiency;

On performance-of the VRLA battery filled with the developed electrolyte,
electrolyte containing additive gave a higher capacity, longer discharge time and
greater battery-efficiency .than ;the battery-filled-with, electrelyte without additive.
Moreover, the batteries” containing-single-additive~electrolyte trend to have higher
capacity, longer discharge time and greater battéry efficiency than those containing
the mixed-additive; electrolyte, whengeompare under similar ¢onditions. Compare
between batteries that contained the same additive species and volume, the battery
containing 2%w/v silica-based electrolyte provided a higher capacity, longer
discharge time and greater battery efficiency than the one with 1%w/v silica-based
electrolyte.

The best performance battery was found in battery filled with electrolyte
containing 2%w/v SiO, and 2.5%w/v Na;SO, in 35%w/v H,SO, which provides
2.57 Ah capacity, 54 min usage time and 98.01% battery efficiency.
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APPENDIX

Table Al Charge and discharge capacities of batteries filled with electrolytes
containing (Battery 1Si) 1%w/v SiO; in 35%w/v H,SO, and (Battery 1SiP) 1%w/v
SiO; and 0.001%w/v PAM in 35%w/v H,SO,4 during 50 cycles

Battery 1Si Battery 1SiP
Number
of cycle Charge Discharge Charge Discharge
capacity (Ah) | capacity (Ah) capacity (Ah) capacity (Ah)
1 2.16 1.65 2.42 2.29
2 2.22 0.98" 2.59 2.36
3 2.3 1.38 251 2.29
4 2.52 1,92 2.58 2.41
5 241 2.047 254 2.44
6 2.49 1.96~" 2.55 2.43
7 2.42 1.91 '” p 2.57 2.45
8 2.51 2.047% 2.54 2.42
9 2.53 . 4503 )k 4 2.48 2.39
10 2.46 190 Ak 2.47 2.41
11 2.48 12495 <iseadil 2.57 2.46
12 2.53 2.00 T : 2.51 2.31
13 255 ~ 0y 255 2.44
14 2.52= 1.99 287 2.29
15 247 — 1.96 2:64 2.42
16 2.53 2.03 2.62 2.45
17 2.46 1.83 2.71 2.42
18 2.42 1.93 2.42 2.17
19 2.48 2.03 2.44 2.15
20 2.49 2.04 2.39 2.10
21 254 2.03 2.34 1.96
22 2.51 1.98 2.39 1.88
23 2.55 2.05 2.50 2.16
24 241 1.96 2.61 2.26
25 2.43 1.97 2.35 2.01
26 2.49 1.88 2.39 2.13
27 2.46 1.85 2.44 2.15
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Table Al (continue) Charge and discharge capacities of batteries filled with
electrolytes containing (Battery 1Si) 1%w/v SiO; in 35%w/v H,SO, and (Battery
1SiP) 1%w/v SiO; and 0.001%w/v PAM in 35%w/v H,SO, during 50 cycles

Number Battery 1Si Battery 1SiP
of cycle Charge Discharge Charge Discharge
capacity (Ah) | capacity (Ah) capacity (Ah) capacity (Ah)

28 2.45 1.84 2.50 2.16
29 2.54 1.83 2.44 2.11
30 2.43 1.88 2.49 2.11
31 2.51 17 2.45 2.16
32 2.49 1.91 2.37 1.97
33 2.46 1.86 2.21 2.14
34 2.4 1486} 2.40 2.12
35 2.29 1.67° o 2.28 2.05
36 2.54 Toa=" 2.34 2.14
37 2.5 41.9878 4 2.41 2.12
38 2.45 1,824 2.32 2.13
39 2.53 # WL S 2.61 2.16
40 2.46 184 A 2.20 2.17
41 2.55 54 Vel 2.39 2.16
42 2,51 L s, 2.40 2.17
43 2.49 178 2.21 2.22
44 24677 1.89 2 2.11
45 2.48 — 1.92 243 2.31
46 2.45 ™ 1.86 2.57 2.14
47 2.48 1,97 2.74 2.25
48 215 1.91 2.38 2.12
49 2.46 1,89 2.40 2.11
50 2.55 1.99 2.44 2.03

Average 247 1.88 2.46 2.22
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Table A2 Charge and discharge capacities of batteries filled with electrolytes
containing (Battery 1SiNa) 1%w/v SiO; and 2.5%w/v Na;SO, in 35%w/v H,SO, and
(Battery 1SiMg) 1%wi/v SiO, and 2.5%w/v MgSO, in 35%w/v H,SO, during 50

cycles

Number Battery 1SiNa Battery 1SiMg

of cycle Charge Discharge Charge Discharge

capacity (Ah) | capacity (Ah) capacity (Ah) capacity (Ah)

1 2.60 2.27 2.80 2.22
2 2.75 2.27 2.60 2.15
3 2.69 2.2F 2.58 2.20
4 2.68 2.78 2.45 2.35
5 2.48 2.34i 2 / 2.32
6 2.59 237 246 2.31
7 2.52 452 2.42 2.27
8 2.59 VA b p 2.67 2.33
9 2.63 24297 2.62 2.34
10 2.62 o 288 i 2.50 2.38
11 2.59 2B 2.63 2.42
12 2.69 7253 ik 2.66 2.21
13 2.66 S 271 2.28
14 2.83 =T 440 S O 84 2.29
15 2.9 - — 2.91+4 2.37
16 268" 2.9 2.88 2.35
17 2.66 2.34 243 2.12
18 2.63 2.3 2.83 211
19 256 2.28 257 2.09
20 2.60 2.31 2.66 1.96
21 2.54 2.28 2.65 1.95
22 246 2.13 2.68 1.75
23 2.64 2.42 2.79 2.04
24 2.32 2.18 2.33 2.15
25 2.40 2.15 2.52 1.90
26 2.44 2.15 2.56 2.13
27 2.50 2.29 2.65 2.09
28 251 2.31 2.57 1.92
29 2.64 2.29 2.45 191
30 2.55 2.3 2.67 211
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Table A2 (continue) Charge and discharge capacities of batteries filled with
electrolytes containing (Battery 1SiNa) 1%w/v SiO; and 2.5%w/v Na,SO, in 35%w/v
H,SO, and (Battery 1SiMg) 1%w/v SiO; and 2.5%w/v MgSQ, in 35%w/v H,SO,
during 50 cycles

Number Battery 1SiNa Battery 1SiMg
of cycle Charge Discharge Charge Discharge
capacity (Ah) | capacity (Ah) capacity (Ah) capacity (Ah)
31 2.52 2.46 2.78 2.06
32 2.48 2.4 2.55 1.96
2

33 242 2.13 2.63 211
34 2.47 221 2.58 2.03
35 247 2132 2.31 2.00
36 2.39 2.14-, & 2.28 1.95
37 2.38 2,19 248 1.98
38 2.44 42,24 "':‘ % 2.52 1.96
39 2.71 e 2.77 2.08
40 2.52 &SR - 2.71 2.15
41 2.55 2 2.58 2.12
42 2.49 <206 == 2.12 2.14
43 2.44 o209 AiEls, 236 2.10
44 2.46. 2.12 247 2.11
45 2.607 241 2.39, 2.06
46 254 2.43 2.56 2.04
47 257 2.31 2.79 1.97
48 2.60 2.46 2.81 1.95
49 2.38 2.26 2.20 2.01
50 2.44 2.32 2.37 2.01

Average 2596 2.36 2.58 2.12
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Table A3 Charge and discharge capacities of batteries filled with electrolytes
containing (Battery 1SiK) 1%w/v SiO, and 2.5%w/v K;SO, in 35%w/v H,SO, and
(Battery 1SiPNa) 1%w/v SiO,, 0.001%w/v PAM and 2.5%w/v Na,SO, in 35%w/v
H,SO, during 50 cycles

Number Battery 1SiK Battery 1SiPNa
of cycle Charge Discharge Charge Discharge
capacity (Ah) | capacity (Ah) capacity (Ah) capacity (Ah)
1 2.65 2.04 1.77 2.26
2 2.86 2.17 2.38 1.44
3 2.32 2.08 3.11 2.31
4 2.23 2.14 2.56 2.29
5 2.47 244 2.58 2.44
6 2.29 2.16) 2.58 2.29
7 2.19 2.225 & 2.46 2.17
8 2.20 pary 2.73 2.36
9 2.19 22073 M 2.54 2.35
10 2.59 Prol 2.50 2.26
11 2.48 o f : 2.48 2.32
12 2.43 2206 == 2.50 2.33
13 2.53 w215 T 2.68 2.35
14 2.76 Lo N2 00 SIS, 2 44 2.34
15 2.66' 2.23 2.4]. 2.35
16 2500 2.47 il 251 2.36
17 2.87 1.92 242 2.25
18 2.87 2.11 2.27 2.24
19 2.75 2.22 2,79 2.31
20 2161 1.98 2,51 2.35
21 2.82 1.97 2.80 2.33
22 2477, 1.90 2.42 2.17
23 2.78 2.05 2.72 2.28
24 2.47 2.15 2.68 2.10
25 2.59 2.04 2.73 2.10
26 2.69 2.07 2.46 2.16
27 2.58 2.12 2.52 2.14
28 2.61 2.04 2.56 2.08
29 2.62 1.90 2.52 2.16
30 2.77 1.98 3.26 2.27
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Table A3 (continue) Charge and discharge capacities of batteries filled with
electrolytes containing (Battery 1SiK) 1%w/v SiO; and 2.5%w/v K;SO, in 35%w/v
H,SO, and (Battery 1SiPNa) 1%w/v SiO,, 0.001%w/v PAM and 2.5%w/v Na,SO, in
35%w/v H,SO, during 50 cycles

Number Battery 1SiK Battery 1SiPNa
of cycle Charge Discharge Charge Discharge
capacity (Ah) | capacity (Ah) capacity (Ah) capacity (Ah)

31 2.66 2.09 2.88 2.40
32 2.99 1.93 2.30 2.01
33 2.49 2.02 2.33 2.05
34 2.72 191 2:16 2.10
35 2.50 2.044 2.68 2.28
36 2.67 19945 4 2.27 2.08
37 2.70 1979 2.27 2.04
38 2.72 2430 2.53 2.30
39 2.50 s 2P 4 2.21 2.05
40 2.63 202 48 2.46 2.09
41 2.51 209 il 2.76 2.20
42 2.62 Z 20— 2.15 2.11
43 2.74 A0S 3.05 1.98
44 2.60~. 2.14 2.3 2.03
45 2.66 1.88 2.36 1.97
46 2.75 2.10 2.38 2.02
47 2.63 1.96 2.47 2.05
48 277 1175 2.09 1.99
49 2.53 2.00 2.33 1.97
50 2.51 2.01 2.24 2.02

Average 260 2.09 2.50 2.18
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Table A4 Charge and discharge capacities of batteries filled with electrolytes
containing (Battery 1SiPMg) 1%w/v SiO,, 0.001%w/v PAM and 2.5%w/v MgSOy in
35%w/v H,SO, and (Battery 1SiPK) 1%w/v SiO,, 0.001%w/v PAM and 2.5%w/v
K>SO, in 35%w/v H,SO,4 during 50 cycles

Number Battery 1SiPMg Battery 1SiPK
of cycle Charge Discharge Charge Discharge
capacity (Ah) | capacity (Ah) capacity (Ah) capacity (Ah)
1 2.57 2.15 2.83 2.04
2 2.66 2.08 2.48 1.98
3 2.50 2.07, 2.44 1.90
4 2.73 2.25 2.15 2.07
5 2.46 2:30 2.29 2.21
6 2.52 2.34 2.33 2.00
7 2.39 2,32 % 2.30 2.00
8 2.28 220, 2.08 2.00
9 2.37 £2.28 "f;, “ 2.36 2.21
10 2.59 A 2.38 2.24
11 2.69 8 5 . 2.39 2.12
12 2.50 .07 == 2.44 1.95
13 2.58 SO0 == 2.51 2.04
14 2.75 S AP0 AR, 2.78 2.38
15 2.56- 2.25 2.85 2.12
16 2.60. 2.24 23 2.23
17 2.56 1.95 2.12 1.86
18 2.07 2.08 2.92 2.02
19 2.34 1,98 2.66 1.93
20 2.46 1.93 2,74 1.86
21 2.53 191 2.84 1.89
22 226 1.98 2.88 1.83
23 2.54 2.07 2.98 1.96
24 2.45 2.17 2.34 1.95
25 2.46 2.04 2.46 1.86
26 2.59 2.14 2.66 1.88
27 3.06 2.10 2.19 1.93
28 2.78 2.13 2.26 1.86
29 2.81 2.12 2.28 181
30 2.86 2.11 2.76 1.92
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Table A4 (continue) Charge and discharge capacities of batteries filled with
electrolytes containing (Battery 1SiPMg) 1%w/v SiO;, 0.001%w/v PAM and
2.5%w/v MgSQ, in 35%w/v H,SO,4 and (Battery 1SiPK) 1%w/v SiO,, 0.001%w/v
PAM and 2.5%w/v K,SOy in 35%wi/v H,SO, during 50 cycles

Number Battery 1SiPMg Battery 1SiPK
of cycle Charge Discharge Charge Discharge
capacity (Ah) | capacity (Ah) capacity (Ah) capacity (Ah)

31 2.84 1.96 3.06 1.93
32 2.43 S 2.67 1.76
33 2.76 2.138 2.34 1.74
34 2.47 2.12 2.31 1.84
35 2.53 2.07 2.26 1.83
36 2.67 2.08° 2.32 1.83
37 2.60 2014 4% 2.28 181
38 2.82 2:06 2.36 1.89
39 2.46 7 ; " 2.31 1.86
40 2.92 W 2.28 1.84
41 2.98 2204 ) 2.20 1.83
42 2.52 15 o, 2.32 1.89
43 2.77 =21t —" 226 1.84
44 2.42 AR08 HEY T 2.31 1.83
45 2.53- 2.07 2.24. 1.78
46 2.89 1.98 A 181
47 292 1.88 2.34 1.69
48 2.61 1.99 2.44 1.60
49 256 2113 2.15 1.64
50 2.81 2.05 2.25 1.71

Average 2.58 2.11 2.46 1.92
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Table A5 Charge and discharge capacities of batteries filled with electrolytes
containing (Battery 2Si) 2%w/v SiO; in 35%w/v H,SO, and (Battery 2SiP) 2%w/v
Si0O; and 0.02%w/v PAM in 35%w/v H,SO, during 25 cycles

Battery 2Si Battery 2SiP
Number
of cycle Charge Discharge Charge Discharge
capacity (Ah) | capacity (Ah) capacity (Ah) capacity (Ah)

1 1.41 2.82 1.44 3.02
2 2.74 2.32 2.49 2.35
3 2.41 2.30 2.47 2.41
4 2.54 2.40 2.53 2.43
5 2.47 2.35 2.5 2.41
6 2.49 2.35 2.51 2.42
7 2.5 2:38) 2.54 2.41
8 2.44 2.29" 2.5 2.4
9 2.51 2 43" 2.59 2.55
10 2.49 ;2.38 8 4 2.52 2.46
11 25 236 1) 2.48 2.43
12 2.54 b QA0 AR 2.49 2.44
13 2.48 (2735 Al 2.45 2.41
14 2.51 W36 e 2.49 2.42
15 2.48 TR, 251 2.44
16 2.49 " T o3 e 252 2.45
17 2.408% 2.32 2.54 2.48
18 2.45 — 2.33 2:57 2.46
19 2.53 = 2.38 2:55 2.51
20 2.55 2.40 2.53 2.48
21 2.51 2.37 2.46 2.43
22 2.5 2.35 2.48 2.44
23 2.46 2.32 2.54 2.46
24 251 2.34 247 2.42
25 2.48 2.35 2.49 2.43

Average 2.50 2.35 251 2.44
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Table A6 Charge and discharge capacities of batteries filled with electrolytes
containing (Battery 2SiNa) 2%w/v SiO; and 2.5%w/v Na;SO, in 35%w/v H,SO, and
(Battery 2SiPNa) 2%w/v SiO,, 0.02%w/v PAM and 2.5%w/v Na,SO, in 35%w/v
H,SO, during 25 cycles

Number Battery 2SiNa Battery 2SiPNa
of cycle Charge Discharge Charge Discharge
capacity (Ah) | capacity (Ah) capacity (Ah) capacity (Ah)

1 1.49 3.14 1.36 2.81
2 2.74 2.6 2.49 2.40
3 2.54 2.54, 2.45 2.37
4 2.63 2.58 2.50 2.42
5 2.6 2.56 2.48 2.38
6 2.57 2.52] 2.46 2.35
7 2.62 2,574 & 2.49 2.37
8 2.68 294 2.48 2.36
9 2.65 42,5678 # 2.50 2.38
10 2.68 2.6 2.53 2.41
11 2.69 2624, 252 2.40
12 2.64 11258 == 2.49 2.38
13 2.63 2-56—= 2.47 2.35
14 2.58 A ) o 2.52 2.36
15 2591 255 2.50 2.35
16 2.6/ 2.54 2.48/ 2.36
17 239 2.56 2.47 2.38
18 2.64 2.58 2.49 2.37
19 2:65 2.6 2.54 2.40
20 2.6 2.58 2.50 2.36
21 2.61 2:58 2.52 2.39
22 203 2.61 2.48 2.35
23 2.61 2.60 2.50 2.39
24 2.6 2.55 2.47 2.36
25 2.58 2.56 2.48 2.38

Average 2.62 2.57 2.49 2.38




71

Table A7 Discharge time of batteries filled with electrolytes containing (Battery 1Si)
1%wl/v SiO;, in 35%w/v H,SO4, (Battery 1SiP) 1%w/v SiO; and 0.001%w/v PAM in
35%w/v H,SO,, (Battery 1SiNa) 1%w/v SiO, and 2.5%w/v Na,SO, in 35%w/v
H,SO, and (Battery 1SiMg) 1%w/v SiO; and 2.5%w/v MgSQ, in 35%w/v H,SO,
during 50 cycles

Number Discharge time (min)
c;(fl e Battery 1Si | Battery 4SiP | Battery 1SiNa | Battery 1SiMg
1 43 52 51 50
2 44 54 51 50
3 42 51 53 51
4 43 54 53 53
5 44 55 54 47
6 40 50 54 52
7 42 67\ A 55 47
8 46 sgeE 55 52
9 47 IR 55 47
10 3 F li51 0k © 54 54
11 22 5,56 0 g 53 48
12 37 | 50 | Oy 43
13 42 56 53 46
14 50 50 48 50
15 42 54 52 45
16 & 5 52 46
17 40 52 53 46
18 2 52 54 44
19 40 52 54 44
20 40 52 52 46
21 40 48 50 44
22 40 48 50 38
23 40 50 50 44
24 40 50 52 46
25 38 48 49 42
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Table A7 (continue) Discharge time of batteries filled with electrolytes containing
(Battery 1Si) 1%w/v SiO; in 35%w/v H,SO., (Battery 1SiP) 1%w/v SiO, and
0.001%w/v PAM in 35%w/v H,SQO,, (Battery 1SiNa) 1%w/v SiO, and 2.5%w/v
Na,SOy in 35%w/v H,SO,4 and (Battery 1SiMg) 1%w/v SiO, and 2.5%w/v MgSQO, in
35%w/v H,SO4 during 50 cycles

Number Discharge time (min)
of Battery 1Si Battery 1SIiP | Battery 1SiNa | Battery 1SiMg
cycle
26 38 50 49 46
27 40 52 52 46
28 38 52 51 42
29 38 50, 50 42
30 40 -+ 503 4 52 46
31 40 62~ 51 46
32 40 " Aa 52 42
33 38 i Y 51 46
34 36 DA TN 50 44
35 38 i 46, 52 44
36 38 P 42
37 38 46 50 44
38 36 44 527 | 44
39 36 46 49 40
40 38 40 51 38
41 38 44 49 44
42 34 44 50 44
43 36 42 47 44
44 34 46 51 46
45 36 44 48 44
46 36 46 52 46
47 36 44 49 44
48 34 42 52 38
49 36 44 48 44
50 36 44 49 44

Average 40 49 51 45




73

Table A8 Discharge time of batteries filled with electrolytes containing (Battery
1SiK) 1%w/v SiO; and 2.5%w/v K,SO4 in 35%w/v H,SO,, (Battery 1SiPNa) 1%w/v
Si0,, 0.001%w/v PAM and 2.5%w/v Na,SO, in 35%w/v H,SO,, (Battery 1SiPMg)
1%w/v SiO,, 0.001%w/v PAM and 2.5%w/v MgSOQ;, in 35%w/v H,SO, and (Battery
1SiPK) 1%w/v SiO,, 0.001%w/v PAM and 2.5%w/v K,SO4 in 35%w/v H,SO, during
50 cycles

Number Discharge time (min)
of Battery Battery Battery Battery
cycle 1SiK 1SiPNE 1SiPMg 1SiPK
1 47 47 47 36
2 49 30 47 22
3 47 |54 48 42
4 48 . w52 50 42
5 49 . < 48 44
6 44 ) TL 44 42
7 o i B W 48 40
8 46 49, 46 45
9 6F i AT 46 42
10 8 49— 46 45
11 a6 10 47 42
12 41 50 =42 44
13 47 50 47 47
14 750 53 750 45
15 44 49 47 44
16 50 50 46 45
17 44 47 44 42
18 46 7 16 40
19 46 49 44 45
20 44 50 44 45
21 44 53 44 48
22 44 53 44 44
23 44 54 44 47
24 46 46 46 42
25 44 50 44 41
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Table A8 (continue) Discharge time of batteries filled with electrolytes containing
(Battery 1SiK) 1%w/v SiO, and 2.5%w/v K,SO4 in 35%w/v H,SO,, (Battery 1SiPNa)
1%wl/v SiO,, 0.001%w/v PAM and 2.5%w/v Na,SO, in 35%w/v H,SO,, (Battery
1SiPMg) 1%w/v SiO,, 0.001%w/v PAM and 2.5%w/v MgSO, in 35%w/v H,SO4 and
(Battery 1SiPK) 1%w/v SiO;, 0.001%w/v PAM and 2.5%w/v K;SO,4 in 35%w/v
H,SO, during 50 cycles

Number Discharge time (min)
of Battery Battery Battery Battery
cycle 1SiK 1SiPNa 1SiPMg 1SiPK
26 46 50 46 43
27 44 48 46 43
28 44 50 46 43
29 42 48 46 44
30 46 44 46 40
31 42 447 42 40
32 42 -~ Vv 46 38
33 4 46, 46 40
34 12 = d=y 16 14
35 44 46 44 40
36 44 = 46 40
37 —_— 44 46 40
38 42 44 42 40
39 <40 48 < 40 43
40 42 46 46 40
41 44 44 46 42
42 42 40 44 39
43 44 44 46 40
44 42 46 44 39
45 40 46 46 40
46 42 42 44 40
47 44 42 38 42
48 38 44 44 40
49 42 44 46 38
50 40 42 44 40

Average 44 47 45 42
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Table A9 Discharge time of batteries filled with electrolytes containing (Battery 2Si)
2%wl/v SiO; in 35%wl/v H,SO,, (Battery 2SiP) 2%w/v SiO; and 0.02%w/v PAM in
35%w/v H,SO,, (Battery 2SiNa) 2%w/v SiO, and 2.5%w/v Na,SO, in 35%w/v
H,SO, and (Battery 2SiPNa) 2%w/v SiO,, 0.02%w/v PAM and 2.5%w/v Na,SQO, in
35%wi/v H,SO4 during 25 cycles

Number Discharge time (min)
of
cycle | Battery2Si | Battery 2SI  Battery 2SiNa | Battery 2SiPNa
1 52 54 57 51
2 49 49 53 48
3 49 51 53 49
4 49 51 | 53 50
5 49 51 ; 53 50
6 49 i 53 50
7 49 51 N M 54 50
8 48 B0 i 4 52 49
9 50 B3l 6 51
10 50 e RE 51
11 49 7361 i, 53 50
12 19 R 53 1. 50
13 497 52 54 50
14 29 52 54 50
15 50 53 54 51
16 49 52 54 50
17 49 51 54 50
18 49 51 53 49
19 49 52 52 50
20 50 52 54 50
21 49 53 54 50
22 50 52 54 51
23 49 52 53 50
24 49 53 54 50
25 49 52 54 50
Average 49 52 54 50
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