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Objeetives as stated in the project propos:l:

Overall Development Objectives
« Development of the defluoridution process by optimization of guaity
strength of acid, ete., w.r.t. the quantity of wuter und concentraon ¢ f [luarie:

« Optimization of chip size of crushed limestone, coluni size, ., wirl 1w
’ i . d S5 N pis
gquantity of groundwater and concentration of tluoride, 1

1

«  Optimization of retention time,

Intermediate Objectives

« Study of the mechanism of fluoride removal [rom water by acid-cuhanced

limestone defluoridation with flucride containing disti
ontaining distilled wate
groundwater. g distilled water i

« Treatment of used linestone for reuse,

« [Examination of quality, €.z., pH and othe i '
In: 2K by €.8., Pt Feontanunius, of trested waler
w.rt, its potability, Removal of color if appears in the u;:tad w‘-l:;:-!r“m'

.



7.(b) Objectives met:
1 have bcen +

The overall objectives of the project have been met as staled in the proposal whicl
described below.

Overall development objective 1.

e Development of the defluoridation process by vptimization of quuutily, strenglti of

~the acid, etc., with respect to the quantity of wafer and the concentration of fluoride:
i .",,.
Tle present work. Any method that is to be used by common people in the rural arcas of- a_;'
state or country must be at affordable cost, since water is a primary daily requirement of‘;'k..,,, 5
human as well as animal. To get a method for defluoridation after [ulfilling all these'™: =
conditions is'a very tough work. In our work of defluoridation, we have tried 10 execute
all these conditions and a defluoridation method, viz, acid enhunced limesione
defluoridation (AELD) has been evaluated which is low-cost and effective. During the
course of the project we have chosen four acids, viz., acetic acid (AA). cilric acid (CA),
oxalic acid (OA) and phosphoric acid (PA) and fixed bed crushed limesione column
reactors for the defluoridation and come out with very encouraging results: 7~
The acids chosen: The acids are used to increase Ca®* activity in situ in crushed®
limestone reactor. AA and CA have been chosen because they are of low cost and not only: i 5%
nontoxic unlike nitric acid, formic acid, etc., but are also.common food additives. The 4
‘familiarity of AA and CA to common people may be an advantage. They will form
calcium acetate (soluble) ‘and calcium citrate (insoluble) salts after Teaction with
limestone, which are not hazardous. OA is stronger acid than AA and CA and it will form
an insoluble salt calcium oxalate after reaction with limestone. So, no OA should remain
_in the treated water. Solid form of OA can also be an advantage for rural application. PAG .;" :
is a recommended water treatment chemical and used in detergent preparation, imel '_
treatment, refining of sugar and vegetable oils etc, Its calcium salt is also msolubl‘e' \.'-. -

= which may help in the defluoridation process as calcium phosphate has been already used
-in this field. .
Some of the expected benefits of the method were: its simplicity, which can be used
by laymen; no need of electrical, thermal power, or pressure and rcusability of the
limestone. Most importantly, the overall cost may be lower than the other methods, since
AA, CA, OA and PA are cheap and limestone is also naturally available in the Nuoride -

'A'z'lffccted_arcas., , S s . 5
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Limestone defluoridation in presence

a aeed Lmestion
Acetic acid waschosen for the acid cahinced lnm. <t of (le chemical. £ 15 Aiaedy gy
wide use of this acid in foud indusiry and 'h_c o T‘ ‘D. sy poods and 1l vourings. Oy
for preparation of pickle and it is also used 1n confectionery & e TR M\ T
C e d . + S 1 Preserve < SCOUNS or
its bacteriostatic properties it has consndcmble1mpmlanc; .\§ ] R . sl !Ul
. i O s beel < el
he experiments performed for defluoridation in prese nce vl AA has ! Elow
C CApPS
in detail.
Batch Study : R Aty
: formed to determine the amount of the acid requips]

Ratch tests in plastic bottles were per : :
for the AELD process and (0 determine the residence tim
Different quantitics of the acid were added 10 the ﬂx.mr.\lc .
limestone for different rcsidence time. The results of (his experime

¢ required during Hic reilaayy
water and eated With the
at hdve been discussed

here
Effect of acid conceatration : -
The results of the baich experiments with AA and crushed imestone are shownin Fig 3|
and Table 3.1. The initial F concentration from 10 mg/L was redaced 10 below 2 mg/Ls
with an initial AA concentration of 0.03 M. i
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. Figure 3..l .Cancentration of F~ and pH of the treated water with vrushed
1 ."lndmeslonf of size 3-4 mm for 12 h vs. concentration of AA added 1o 1~ comﬁuiug
istilled water in batch test. Initial [F] = 10 mg/L. n = no. of repeated use of same limestoie

Moreover, one can’ - L . =
reduced u; | mg/L :;c ut;::(:::nasf::l[e:\il] lhmot};e remaining F~ concentration can be furbiet-
b 10 0.2 M. This supuc -d-' S e . v
removal, the A : 2uCsts that 1oy etiicient [luorides
SAe i‘lsizocm;e-nl!;:l?n should be more than 0.03 M. A low ‘concenirution of 1
went 1s . ¢ . HNCCAILUION Vi1
Tt ‘f:a fsiink sirable, since higher concenteition can influcnce (e taste and
s 5 watcr and the otal treatment cost. There o )
acid may be selecled from a range of 0,03 10 0.1 M 1; lL ¢
fixed bed column. : : EL

The observed fluoride removal by this
generation of high concentration of Ca®* jons
AA. [t can be observed from the figure that the
chips gradually decreased with the number of
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may happen due (o the decrense in ndsorption sites of limestone, which become saturnted
py gradual adsorption ot Nuoride on repented use ol the same limestone

Table 3.0 Ramuining [ und prEOL the treated water with arushied Hnestan. o1 wlze 38 i foe
12 Iy with different nmount of AA (Molir) added to 17 gantulning distitled suter in batel e
Innd (7] = 10 mg/l nos nos of repented use of snme limedtuoe

AA (M)

n 0 001 003 005 007 01 0T 013 043 017 02 ~] 40
+ virst

Remnining Fluoride (mp/L) 3 ekl 344

| 397 D208 T80 LT T USS C YasT 40 0 N2rd 120 ch0BIER0S £ 3 4

2 562 296 294 237 2.8 1.95 1.64 1,78 1.72 |.59 |45
i 666 340 30| 288 263 237 224 211 2,02 | 83 |63
4 §47  4.01 340 305 298 272 244 2220 221 2.13 1.93
5 852 448 356 337 308 296 2.66 2,85 238 228 202

P of the water after trentmient
1 692 .68 670 653 640 618 605 595 58 37 7
2 729 673 655 635 618 605 592 583 584 ST 563 o8 =g
3 737 664 647 628 607 594 584 578 892 5.69  5.62
4 728 652 636 621 6,13 600 592 5.85 582 5.70°  5:63
2.1 47 635 w6170 €00 585 576, S68% 565 5357 35352

Column Study (o
The batch test of AA enhanced limestone defluoridation shows that, minimum 0.03 M ;g 1
8-

concentration of the acid will be required to bring down.the fluoride level to 2 mg/L froid:

an initial concentration of 10 mg/L. The results were best when the tesidence time was lz oy
h. Therefore, in this column study, the performances of the 0.03, 0.06 and 0.1 MEE
concentrations of the acid have been investigated and the results of 0.1 M AA has been
comparéd with the defluoridation by same procedure without adding acid 1o the water,
The results of this column study have been described here with refecence 1o Jdiltecent
factors that affect the removal process.

Effect of acid concentration .

A comparison between the fluoride removal capacity of the crushed limestone column i,
absence of the acid and in presence of the acid reveals that in presence of acids the. .,
‘removal capacity increased from 40 % (without acid) to 90 % (Fiy, 3.3). There wis fé.".';
gradual decrease in the percent removal in both cases but the decrease was less in '
presence of the acid. To choose the optimun concentration of ucid for the rewoval process
and also to see the effect of residence tie, a series of experiments with varying residence -
lime has been done using the three concentrations of the AA viz., 0.03, 0.06 and 0.1 M.

The results of the experiments have been presented in the Fig. 3.4 and Table 3.2, B2
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brings down the fluoride concentration from 10 mg/L to below 1 mg/L up to n = Teis p,
whereas, an AA concentration of 0.06 M reduces the luoride level to below 2 mg/L uplois r
n = 5. From the results, it can be seen that 0.03 M concentration is insufficient For the = £7%s

purpose while 0.06 M and 0.1 M both reasonably increase the removal capacity ob the
limestone.

Fluoride remaval front groundwarer

The suitability of this column treatment for defluoridation from groundwater smended,
with fluoride has been examined in comparison to the fluoride solution prepared
distilled water. Results of the experiments for I removal at lower concentrations ol the
acid 0.03 M [AA], with distilled water as well as with groundwater have been pus‘cnlcd" :
in Fig. 3.5. The fluoride removal from distilled water was slightly belter than that from !
groundwater for small values of n. However, with increase in n, the fluoride removal in

the case of distilled water decreased slightly more rapidly than thut in the case of
groundwater,

100 3 A
e B i
80 - i 1y
3 '3:-:;
ot R
2 60 - i
8 ivin
E 40
2
20 4
0 -
0 2 4 6 .0 10 =12
n
Figure 3.5, Percent removal of [F] (primary Y axis) and pH (sccondary Y axis) ve. o (number / {48 2ia
of repeated use of the sume limestone bed), after (rentment with 2-3 mm size ol limestone : ‘. :
particle after residence time of 12 h with initial [F] of 10 mg/L prepared n T ;'
groundwater (GW) and distilled water (DW) with 0.03 M AA, b9 4

The results 'indicate that the dissolved ions, viz. Cu™", Mg™, SO present in the'
groundwater had a small effect on the ability of the limestone reactor in the presence of
the acids to remove fluoride; Ca** and Mg?" are reported o have negutive correlation with
I7, The presence of sulfate or phosphate is known to inhibit fluoride remaval by caleite,

Effect of initial fluoride concemmlmn - L
The fluoride removal ability of limestone was also measured u;mt, diffecent ini
fluoride concentrations, viz. 5, 10, 15, and 20 mg/L to investigate the influence of initinl
concentration of fluoride on fluoride removal by the acid enbanced limestone
‘defluoridation. The results of these experiments on the percent tuoride removal in the
presence of different initial fluoride concentrations have been shown in Fig. 3.6 and the
remaining F* concentrations have been given in the Table 3.3,

It can be observed from the figure and the tuble that there is significant lhiorde
temoyal with all the initial concentrations; however al lower initial coucuumhon,ﬁié



percent removal is better For example, with initial 5 me/l. concentration, the 1o, 1de
concentration was found to decrease 1o below 0.5 mg/L. Anotlier observation 1= {lin
initially the pereent removal is very good but with increasing the number of repeated use
of the same limestone the percent removal decreases, The figure reveals that the cileet of
initial concentration is not significant up to n = 5, whereas, after n = 5 the removal
efficiency decreases with increase in the initial

100
B — = e
B ﬂt“hlp.x:'?
s ~u— & mgll ‘“—3;‘J
g 601 ——10mgi :
e Tyl 15mgll  AA=04M ) ittt
= ~o— 20 myiL boed
& "3
20 A .
0
1 3 5 i 8 1
n

Figure 3.6. EMfect of initial concentration of flyorid: vn flucride emoval
by 2-3 mm size limestone using 0.1 M AA, 10 activale Co®* from 1inestune.

Table. 3.3, Concentration of remaining [F] in the treated
water gfter removal from different initial concentration.
Initial fluoride
n Smg/L 10mg/L 15mg/l. 20mg/l
1 033 1.04 1.28 l.18
2 0.38 1.1 1.37 132
53 0.49 1.7 1,69 1.53
.4 0.51 1.26 171 1.83 4
s 0,56 1,53 .83 278 14
6 0.58 1.6] 241 3.78 > s
7 0.62 ).83 2.62 4.82 ' t‘;?j%
8 0.66 1.75 342 541 ool
9 0.69 231 3.78 5,84
10 0.78 2,35 179 6.34
11 0.89 246 1.19 6,62
12 1.)5 273 4,71 726

concentration but still the removal remains within 65-80 %. These resulis indicue

precipitation to be the dominating mechanism of the fluoride removal in the present
method since the final concentrations of Ca* and F depends only on (he solubility

peoduct in the presence of excess Ca®' and not on the initial concentiation of . The

results also indicate that arrangement of more than one limestone reactors iy series 4 1¢

- roduction of the acids before the water enters to the successive reaciors muy wesdlt i

better fluoride removal for highly fluoride containing water.
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Limestone defluoridation in presence o! citric acid

Citric acid has diverse uses, e g. in foods, beverages, personal cure, phamuceuticals,
cleaning, dyeing, construction chemicals, photography, etc. Biologically, it is present in
different forms in human as well as animal body. In this work CA has been used in
defluoridation of groundwater with limestone. In order to systematic study of the use of

CA in this water treatment process some batch and fixed bed column stadies have been. |
carried out, the results of which are presented below:. 3

Batceh study

———

The batch tesis for defluoridation of water by using CA has been carried out following the
same procedure as AA, 1o determine the quantity of CA needed lor the limesione
defluoridation process and the contact time required for the trewment Different

concentrations of acids were added to the fluoride water and treaied with the crushed
2 - . - . » &y .k
limestone for different time intervals in plastic bottles. i3

Effect of acid concentration : g

The results of batch experiments of F~ removal with crushed limestone chips of 3-4 mnt - =

size, as a function of initial concentrations of CA up to 0.1 M are shown in Fig. 3.8 and
Table 3.4.

10 . 8
HX n=5
g - M An=3 it
on=1 [B o
58 o S
T i
, 5 et T
= <5 H£iem
-~ 4 A [F']x n=5s '..’?- P
E * n=4 " -
4 n=3 | 2 >3 A
2 % n=2 »
. + n=1
o = L \J L 0
0 004 008 012
: [Citric acid] / (M)

Figure 3.8. Concentration of F~and pH of the water after treatment with erushad lnestons "-
of size 3-4 mm for 12 h vs, concéntration of CA added to I~ containiig distilled
water in bateh test. [F1.=10 mg/L. n= no. of repeated use of sante Hinestons.

It can be seen from the figure that addition of the acid to the water before treatment with
1 ¢rushed limestone lowers the F” concentration from its initial value of 10 mg/L 10 below 2
s ‘mg/L, which is again much better compared to the fluoride removal by hmcslouc filtration
.alone The ability of the crushed limestone chips to remove F* increased with mcreasmg
lhe neul concentration. However, the removal became poorer gradvally with i mcseos&

;| | | 3.
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the number of repeated use (n) of the same amount of limestone chips. which vy be
atributed to saturation of adsorption sites of the limesione chips.
Table 3.4, Remaining [F] and pH of the water alier treatment with cooshed limestone o 1ze 35 nin

for 12 h with different concentration of CA added o 17 containing disfidled water
in batch test. [F]=10 mg/L. 1 = no. of repcaied usc of sume limstone.

CA (M) !
n 00! 0.025 0.05 0.07 D.085 0.10
Remaining Fluoride (myp/L)
1 3.18 2.53 1.98 1.90 1.91 1.74
2 4.07 358 29| 2.67 243 197
3 4.77 4.07 348 3.04 270 234
4 519 436 3.82 3.54 3.16 2,850
5 5.67 481 407 3.80 344 325
pH of the water after treatment
1 6.65 643 6.29 6.23 6.19 6.16
2 6.7 6.45 6.30 6.26 6.23 6.17
3 G.83 6.55 G.40 632 628 0:23
B 6.87 6.57 6.41 6.36 6:28 6.24
5 691 6.60 6.45 6.37 633 627

It can be observed from the Table 3.4 that, an initial CA cencenwation of €.05 M is
required to bring the F° concentrations from 10 to less than 2 mg/L whon tie crushed
limestone chips sample was used for the first tune with contact die ¢f 12 ) CA was
wdded only upto 0.1 M because above that concentralion, excessive preeipitiiion of
caleium citrate was observed as confirmed from IR and XRD catn which has been
described in the section 3.5. Although this precipitate makes the water turbid, the particles -
were settled down on the bottom of the container on standing for 2-3 h. Thus thc turbxdny *
ol the solution can be removed by filtration. 1y

Column stody

I'tom the observations of batch test results of CA enhanced limestone defluoridaion it 18
clear that, a minimum of 0.01 M concentration of the acid can be used for ¥ removil {rom
initial concentration of 10 mg/L although the performance of the acid in this conecntition
is quite low. We have chosen three concentrations of CA viz., 0.01, 0.05 and 0.1 M Loy
comparative study of the AELD technique in a fixed bed column afier diffiren weainent
“time viz., 6, 12 and 24 h. The findings of this experiments using flooride containing
distilled water have been presented heve (Fig. 3.10 & Tuble 3 .5),
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The affect of initial concentration of F” solution on this defluoridation process, the find "‘..?._
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pH and the effect of other ions have also been discussed here.

Effect of ncid concentration
The acid concentrations as well as the treatment lime determine the fludride remuoval
capucity of the limestone column, As in the case of AA here also the [luoride remoyal is
improyed with increase in the acid strength and gradually decwasm. with the humber of
- repeated use of the same limestone column, n (Fig. 2.10 & Table 3.5 ' o

“Table 3.5. Remaining [F7] and pH of the water after treatinent of 0 (_] 1,0.05 and
0.1 M CA containing 10 mg/L. fluoride water; using 2-3 mm size limestone chips:
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column for (A) 6 h, (B) 12 h

and (C) 24 I treaument Lme,

e ————
e ——ei

1 ey
A) 2 0.1 M .
g o ( ;/L(;.ODM pll Fug/L) pH
n F(I“g’L) P" ne 14 0,39 =1 G.03
7.38 1.0l 6.83 &
1 1.49 T 138 (.15
1.62 1.09 6.78 030
2 1.51 3 A : 76 (49 ;
3 7.68 114 6.76 i ; |
3 1.64 9 s 6.68 1120 Gl ¥ !
4 1.56 7.54 122 ke 6,32 '
5 174 761 135 B 5
n 12 7.68 132 6.9 .28 St
6 2.12 N 3& 6,54
7 238 7.59 |45 9.8: I _ o.:ﬂ
g 2.82 750 1:52 6.73 Bl i |
9 112 734 | 97 G687 1:42 G.o0 ;
A
10 322 745 23] 6.64 1.40 0-»:6
I 341 7.61 2:45 6.83 1.50 6.3+ |
12 3.51 7.58 252 6.78 146 632 |
®) . 1
12hr 0.01M 0.05M 01N Lo oo o Nk |
u Fang/L) pH Flmp/L) pll Fnyg/l) gt l
i 1.12 7.44 0.45 6.94 041 673
2 1.31 7.71 0.57 6.82 0.54 .53 ]
3 1.47 2.72 0.51 6.83 0.82 602 |
4 1.51 7.69 092 6.76 1.02 Q.74 i
5 1.87 7.65 0.72 6.91 0.8 6.95 |
6 2.24 7.7 0.97 7.05 1.24 6.77
7 2.26 7.66 0.79 7.0l 1.26 679 :
8 2.65 7.68 1.24 G848 1.38 G.05 ;;,;
9 3.06 738 .65 6.97 144 6.7 i
10 332 7.48 1,78 6.64 1.42 634 4
8 3.44 7.65 .82 6.96 148 6.52 '
2" 349 7.61 2,05 6.92 1352 5.6}
(C)24hir 0.01M 0.05M1 0N S
u F(mg/L) pH Flg/L) pli Flmg/L) pEL
1 0.58 7.58 033 7.15 0.23 7.0l
2 0.76 7.82 0.43 7.25 029 NS TS
3 1.20 7.78 089 7.28 0.2 7.13
4 0.96 7.74 1.0 T.37 036 706
g 115 7.73 1:27 7.54 0.72 246 |
1.40 7.79 1.36 751 {06 1 |
8 1.97 775 1.40 742 12 - |
9 2.3 7.54 145 732 34 o
0 2.45 7.55 1,46 7.34 | 42 732
11 2.52 7,71 150 = 2 ==
' . 7.35 1443 723
12 2,64 7.68 ] 54 o - 7.23
- 39 1.51 729 :
SRSl ot oo
| i
Fluprlde removal from grovndwater g

The suitability of this column treatmanr for de
with fluoride has been examined in comparison

thuoridution from Brovndivites :,1‘1.-1.‘&!:«:[ :
to that om clistilled water (il 3 E0Y i
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[nitially at low n, the fluoride removal from groundwaler s found to be better thi tat
of distilled water. However as n increnses over 7, the removal for groundwaies lecpeased,
more rapidly than that from the distilled water. This trend 19 just opp gile 1o that cbszived
with AA. The results of the groundwaler experiments show that (he process 14 cffeetive
also for removal of fluoride from groundwater containing fluoride. The presence of
different ions present in the groundwater has a little affect on the removal process.
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Figure 3.11. Percent removal of [F] (primary Y axis) und pH (sccondary ¥ nixis) vs. 1 (no. oF ool <2
repeated use of the same limestone bed), after treaunent with 2-3 ynm size of fitncstone “a :‘c
particle afler residence time of 12 h with initial [F7] ¢f 10 my/L "y
prepared in GW and DW with 0.01 M CA. =
Lffect of initial fluoride concentration
Since, fluoride is present in different concentrations in diflerent gnound waler sourees, the
{luoride removal capacity of limestone has been examined using dillerent iitial Huorde
concentrations, viz. 5, 10, 15, and 20 mg/L with initial [CA] = 0.1 M aad residence tuae
of 12 h. The results of these experiments have been shown in Fig. 3.12 und Tubie 3.0 1t
can be seen from the figure and the table that the F* removal capacity ol the limestone igoid e
satisfactory starting with all initial concentrations. ey
The difference between the fluoride removal results obtained from this experiment tud the -~
results included in the Table 3.5 under similar conditions can be atwibuted (o the
difference in composition of the limestone samples used. Similar discrepuncics have bccn
observed in other cases also. However, this does not affect the evaluation of relatv
fluoride removal ability of a column, The removal perecatage is belter in case of lm\cr
initial concentration than the higher concentrations. TSE
i 1» u :
tind * 62
» e

“©

ar



I —_—

| 7
: 0 ¢
S 2 S :
80 a=y :3 51; 7‘.’35! =4
3 ~o-
: E 60 -4~ 5 mpll
% £ ~e-10mgi. CA=0AM
1 w, 40 &= 15 mg/l
: st -s—- 20 mglL
‘ 20
i 0 :
? 1 3 5 7 9 1"
t n
! Figure 3.12, Effect of initial concentration of Nuoride on tueride removil
e by 2-3 mm size limestone using CA, to activate Co*” from limesione : ‘ <
S8 i
: by 4
E' : Table 3.6. Concentration of remaining [F] in the treated water alter removil lrom
! dilTerent initial concentration, [CA] = 0.1 M, residence time = 12 1)
. ' Initial NMuoride
S n Smg/L 10my/L 1amp/le A0mu/l.
: 1 045 0.97 1.03 Ty
5 2 0.53 121 1.13 18
3 0.56 1.18 125 2.02
B 0.61 1.33 1.74 2.12
5 0.64 1.38 2,01 2:58
6 0.68 1.39 2.18 292
7 0.65 146 241 3N2
8 0.71 1.56 2.62 .30
9 0.75 1.75 3.01 +.91
10 0.86 2,02 318 5.24
11 0.92 2.06 335 S84
12 1.01 2.4 352 6.2 gea

s o

For example, with initial 5 mg/L concentration, the fluoride conceriwation was found’tg . -
decrease to below 1 mg/L upto n = 11 whereas with the 15 und 20 m@/L initiad -
concentrations, even with n =1 the remaining I concentration is gueater than 1 g/l It
can be observed from the data that with increasing the number ol repeated use ofthe saume
limestone the percent removal decreases and after n = 5 the removal efliciency decreases
with increase in the initial concentration. Thus, the acid enhanced liniestone detlucridation
technique-is useful for treatment of high as well as low [luoride containing groundwater
and the capacity of the technique should be improved by trrangeient of moie thin one
limestone reactors in series.
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Limestone defluoridation in presence of oxulic acid
Oxalic ueid is found in various source in the nature and is being U:RCd bt e
like, cleaning or blenching, extinctive metallurgy, restorition ol ull '\.|.L.\l ele. Urs lios
higher acidic properties in comparison 10 acelic and eitrie acid, lln'-:lclurt. WLy posies
high Nuoride removal capacity than that off AA and CA, [he [luoridy u_'m()vl-‘l by UA hug
been studied directly with the fixed bed column tesis withoul poing for preliminacy bach

test. The results of the column experiment and inlerpretations have been presented here

Effect of acid concentration

Fig. 3.14 (A,B,C) shows the percent [luoride removal from water conlaining 10 mg/L
fluoride in the presence of 0.01, 0.05 and 0.1 M OA aller limesione ueatient using 2
column of 2-3 mm sized crushed limestone particles, afier residence tine of G by 12 1 and
24 h, respectively, In Table 3.7 (A,B,C) the remaining I” concemrations and pil of the
waler aller reatment have been given. It can be observed [toni the figures and the woles
that the tuoride removal is improved significantly with increase in the ueid steeagth bul
gradually decreased with the number of repeated use of the same limestone column, n.
With 6 h of residence time, 0.1 M OA brings down the {luoride concentiation from 10
mg/L to below 1 mg/L up to n = 13, whereas, an OA concentration of 0.05 M reduces the
fluoride level 1o below 2 mg/L up to n = 8. The AELD process with OA has beon fuund
be more eflective than that with AA and CA (Section 3.1 ind 3.2). Howevar, the CA
concenuation of 0.01 M seems to be insufficient for the purpose. "Uhe resuits of these
experiments reveal that 0.05 and 0.1 M OA concentrations are ¢ffecive for the boimnent
process,

Effect of initial concentration of fluoride
The initial concentration of fluoride in the water is' important in the acid enhunced -
limestone deflucridation process. It is difficult to remove fluoride fiom weter Contining
low initial F* concentration as it is hard to achieve supersawration of I and €' ul low
initial concentration of F". So, il is difficult to lower the fluoride level from o Concontiution
like 50 mg/L direetly through precipitation without addition of a sufl'acicnlb high sunount
of Ca**, We have investigated the removal of fluoride by (e present inethad with Jitfecent
low initial fluoride concentrations, viz. 5, 10, 15 and 20 mg/L, The pesulis ol these
experiments performed in presence of 0.1' M OA and 0.05 M OA (i 6 ans 12 1 ol
residence time have been shown in Fig, 3.15 and the remaining [ ¢

: : A oneenaions have
been presented in the Table 3.8,
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Table 3.7. Remaining [F7] and pH of the water after treatmnent ul 0.01, 0,05 (i 0.1 51O
containing 10 mg/L fTuaride water, using 2-3 mn size linestone ehips cotunu

for (A) 6 h, (B) 12 h and (C) 24 h treatiment Line.

(A) 6h 0.01 M 0,05 ™M Ul N
" Fmg/k) pil Fong/l)  pll FGug/ty  ph
1 2.04 735 088 699 059 061
2 2.66 7.45 1.26 7.5 008 0.0
3 288 748 1.38 6,96 U 88 6.83
4 3.06 7:51 1.52 7.2 043 0.73
5 323 7.48 1.8l 7.15 0.64 6.47
6 338 741 182 699 078 66

.
Tyt

- Figure 3.14. “The plot of percent ﬂuoridclzremoval (primary Voaxis) aoc pH (seconckary Y axisi vy 1o,
ol repeated use after addition 0£0.01, 0.05 and ¢,1 M OA before iltration 1o the foxd waler alter
treatment for (A) 6 h, (B) 12 h and (C) 24 hi Initial coneentrutiul of fluoride is [Qmed,
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7 431 738 185  7.02  0Y) Gl
$ 462 738 194 696 0.9 0,
9 543 741 221 699 102 663
10 5SS 251 224 702 085 6.4
1 $S56 &4 2322 732 17 670
12 S62 738, 229 696 095 657
13 585 735 234 699 09l 66l
14 S92 748 24l TIS 3 w6y
15 612 748 267 709 136 657
(B) 121 0.01 M 0.05 M 0.1 M
n F(mg/L) pH F (mg/L)  pH  F Qay/L) Pl
1 123 753 084 694 055 604
2 L3¢ 753 116 699 064  Gass
3 1551 743 128 701 0sd 6.7
4 168 746 131 32 048 647
s 182 2743 137 705 045 a3
6 203 73 L71 705 048 5%
7 243 749 136 703 079 6.8
8 274 743 182 7.1 085 Gl
9 292 768 196 706 106 6.8
10 3d4 749 197 931l 105 67
1 376 753 . 211 699 095 gy
12 428 724 2147 697 qsl 6.4
13 5.06 743 223 7038 U.66 0.40
14 554 746 242 7 099 6,77
15 613 7353 235 715 102 6w
(C) 24k 0.01 M 0.05 M 0.1 M
8 F(mgL) pH F(wgL) pl Flugl) pi
1 142 753 " 083 693 053 632
2 1.57 746 109 702 063 g4
3 L77 756 118 12 083 637
4 193 737 15 02 048 633
5 203 7.6l 14 G687 095 Gus
6 205 76 l44 18 062 Gar
7 28 T 4R F2 0@ 6.4
8 287 153 176 708 011 447
9 323 765 184 72% |04 24
10 339 76 192 724 094 69
I 370 762 205 703 |05 Gos
12 38 786 201 0y 4ss o
13 461 743 243 29 wes 6o
14 488 747 207 Y 136 o
15 36 W4y 22 AR b 5
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- Figure 3.15. The percent removal of fluoride ar initial concentraiions of fluoride of S, 10, 15 and
20 mg/L: 0.1 M OA after 6 h (A) and 12 h (B), 0.05 M QA after 6 h (C)and 12 h (D).

E-'

_l

"‘ Table 3.8. Concentration of remaining F~ in the trenteed water after reioval

: : , from different initial concentration. 0.1 M OA after 6 h (A) and 12 Lt (5),

3 0.05 M OA alter 6 h (C) and 12 h (D) of trestment time,

4 (A) 0.1 M F (mg/l.)

4 6h 5 10 15 20

3 1 035 059 064 204 ¢ 4

j 2 040 068 034 219 Cteid

e 3 042 087 085 32 i
4 0.49 0.82 0.85 3,72

. 5 054 063 121 3.89

’ 6 0.73  0.58 1.64  13.93

: 7 0.89 091 25 )

B ! 8 092 089 287 438

ll 9 0.94 102 332 450

}, 10 1.12 L12 387 4.62

- 11 15226 DS 1317 42 Sid3

o

129 094 489 53|

2 13 136 091 513 556
%] 14 142 132 543 562
s 15 146 136 3587 6485

“‘-



(B) 0.1M F (mgfL)
12 5 10 15— 40
| 034 055 0s2 13l
2 038 064 039 134
3 041 084 08Y 156
4 048 048 083 223
5 052 044 113 257
6 071 047 101 234
7 D81 079 165 26l
8 079 084 216 278
9 093 106 270 263
10 108 10s° 294 304
! 111 095 324 345
12 117 081 398 w2
13 124 066 476 456
14 1200 099 549 549
15 126 102 656 678
(C) 0.05M F (mg/L)
Gh s 10 5 20
1 033 088 082 1.0
2 039 126 110 120
5 042 148 170 230
4 ‘083, 215 2400 280
5 045 181 120 3.0l
6 073 1.82 164 314
7 043 185 098 290
8 092 e - 287 3
9 063 221 210 3460
10 2 220 387 @
1 s (S AT S T
12 127 229 425 503
13 120 234 465 s
14 135 24) 493 537
15 141 267 487 s48
(D) V.05M F (ng/L)

121 5 10 I5 i
1 027 084 08I 130
2 0.38 1.16 1,00 140
2 043 128 130 gy
4 0:53 1,65 136 230
5 045 166 141 2y
8 077 17 145 30
? 040 176, 152 amp
8 (.88 1,82 | .56 0 0|



9 091 196 1.62 330
10 104 197 166 412
11 109 211 1.82  4.62
12 114 217 1.89  4.96
13 120 223 214 506
‘ 14 195, 243, 233, L 521
15 128 235 235 532

It can be seen from the figures and the tables that with OA also the percent fluoride
removal increases with decrease in the initial concentration of fluoride. The fluoride from
‘nitial concentration of 5 mg/L is removed within 6 h to below 1 mg/L upto 15" repeated
use of the same limestone column with 0.1 M OA. The percent fluoride removal decreased .0
with increase in the initial concentration. The results however clearly show that the present = 20
method can remove fluoride from a low initial concentration which may be atiributted 1o
- adsorption of fluoride along with precipitation. Fig. 3.15 indicates alsu that a repeatation of
the present process in series, say twice or thrice, for the same fluoiide containing water
* should reduce high initial fluoride concemratiou, c.g., 20 mg/L 1o below 1 mg/L, with
moderate acid concentration of about 0.05 M, with 6 h residence time, using the same
limestone column for more than n = 15, which seems to be reasonable and practical.
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Limestone defluoridation in presence of l’hosl’l"{“c "w'd‘ -
Phosphoric acid, known as green acid has been used in versatile hields viz . waier
treatment, detergent preparation, fertilizer pr
paper, Name retardants, paints, glass fibre b ; 5
refining of sugar and vegetable oils, pharmaceuticals applications 1‘f"1 Ay lgml
applications. In water treatment it has been used tor Leud (Pb) l3l'L‘C_";“""“‘k.”‘- éorrasion
inhibition, control of red and black waters, source of nutrients; scale inhibition-soltening
agents, pll control, sequestration and precipitation of metal ions efe PA Is approved for
use in drinking water treatment by the US EPA (Environmental Protection Agency ). Che
idea of using PA in the AELD process came from the earlier works pelated lo the use of
calcium phosphate and HAP for defluoridation. Both of these materials are known (o have
good fluoride removal ability. In limestone column, in prescnce of PA containing I water,
formation of calcium phosphate hydroxide or HAP are expected (o take place which should
add to the fluoride removal already taking place by precipitation and adsorption in the
limestone column. Therefore, the F” removal should be increased in presence of HAP in the
limestone column. The results of the experiments performed on using PA cohanced
limestone defluoridation have been presented here.

oduction, metal treatment, ceramics, ciimels,
 biofuels, yeast and fermentation. textiles,

Iifect of acid concentration:

Limestone defluoridation in presence of 0.1 M PA

A column filled with 2-3 mm size limestone has been used for the F~ removal experiment
with 0.1 M PA. It was presumed that limestone starts to react with PA forming calcium
phosphate and HAP as soon as the PA containing F” water is added to the column Flucride
should be precipitated by limestone as CaF; as well as adsorbed simultanccusly by
limestone and HAP. Therefore, it was expected that the removal of uoride may sturt

immediately after the addition of the water to the limestone column. 1n this experimcent, the
treated water has been collected after different residence limies from 1| min of residence.

titne up to 24 h 1o observe the remaining F” concentration and pH a$ a function of residence
time.

Figure 3.18 (A) illustrates the percent removal of the fluoride frum initial 10 /L in
presence of 0.1 M PA using 2-3 mm size of the limestone for 3 h and 12 h ol residence
time. In Table 3.10 the remaining fluoride concentritions of the treated waler along with
© pll after 3, 6, 9 or 12 h of treatment time have been presented. It can be cleagly ul‘n;c:vc-c'
from the figure and the 1wble that there is a litle differeice between the .'Clll'l'.li.li:lg E
concentrations after 3, 6, 9 and 12 h as wis observed in Fig. 3.17. Uhe Muoride removal

with n = 1 were found to be 0.73 mg/L (at t =3 h) and 0,52 mg/L (ol =12 h) with final |

pH of 4.85 and 6.12, respectively. The fluoride removal fuither improved up
7-8 and the decreased gradually with n. :
1t may be noted that the fluoride was removed excellently o below 0. | mg/L, mare a5
Y, between about 5 1o about 30 times repeated use of the same limestone ”L"hn excellent
increase in fluoride removal may be due to the precipitation and ud.so; wo;) by figsh
Jimestone and newly produced HAP within the limestone colomn. i ;

10 1 equad 10

a

mestonye iy liesh

AT oAb



~ adsorption by fre _
. The capacity of the 600 g limestone in t

: mg/L to 2 mg/LL (up to n =
" limestone with 0.05 M PA has been found to be

~ The formation of HAP and subsequ

initially and HAP begins to form resulting in very good fluoride remo val between n=3-30

With n = 330, the remaining Auoride after 3 and 12 h were recorded as 2.65 and 2.04 mg/L
with final pH of 4,70 and 4.93, respectively. The observed slow neutralization of the
in the limestone column may be attributed to slow diffusion of the acid into the limestone
across a less permeable HAP or FAP surface which will be discussed with the help of XPS,

X-ray, IR, etc. later. The pH of the water increases slightly towards (he nedtral site with
D method 18

acid

increase in the residence lime, Thus the performance of PA i tic AEL
remarkable.

The capacity of the limestone for defluoridation was determined by using b
limestone chips repeatedly until the reminining fluoride concentiation of the water was less
than 2 mg/L. It is an interesting observation of this work that, the same limestone bed can et
be repeatedly used for about 330 times. The capacity of 600 gm 2-3 1m size limestone
flukes for defluoridation of 10 mg/L of fluoride water is almost 66 liter.

£ same

Limestone defluoridation in presence of 0.05 M P/
Use of lesser amount of acid in the water treatment process is always desitabie; thecefore,
the defluoridation of water using PA has been tried by adding 0.05 M PA to the water

. before filtration through the limestone column. ‘The results of this experiment have been

in Fig. 3.18 (B) for 3 and 12 h residence time and in Table 3.11 for 3,6, 9, i2.h

presented
small micrease

of residence time. As was observed in the case of 0.1 M PA, there is a very
in F~ removal as well as the pH of the water with increasing treatment time. As i case of
the 0.1 M PA, there is increase in fluoride removal to below 0.1 mg/L after 2-3 times
repeated use of the same limestone to n = 24 which may be due to precipitation and
ch limestone and newly produced HAP within the limestone column.

hig treatment process to remove fluoride fion 10

315) has been calculated to be 63 liter The capacity of
A

slightly smaller thar that with 0.1 M PAC

ent precipitation and adsorption by both limestonc and

3
HAP probably contribute to the overall good fluoride removal capacity with 0:05 M PA. #.3
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Figure 3.18, The plot of percent [F] removal (primary Y axis) and pH (secondary Y axis)
vs. number of repeated use of the same limestone (n) after addition of (A) 0.1M (B) 0.05 M
and (C) 0,01 M PA 1o the initial 10 mg/L fluoride water before
treatment using the limestone column for 3 hand 12 h,

Table 3.10. The amount of remaining Nuoride and pH of the treated water starting
with initial 10 mg/L. F containing 0.1 M PA belore filtration through
limestone column afier different time intervals.

= 1F1 10 mg/L pH = 1.7

38 6h  9h 12 3h 6b  9h 12k
I 073 084 063 052 48 555 562 612
2 071 065 053 047 469 556 561 587

3 074 062 043 0 471 552 sas 616
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42
43
44
45
46
47
48
49

.30

51

52
+/53

54
55
56

0.24
018
0.19
a1y
023
024
0.02
0.06
0.03
0.03
0.03
0.03
0.16
0.17
0.12
0.08
0.06
0.06
0.06
0.06
0.03
0.03
0.04
0.07
0.07
0.07
0.46
0.77
0.78
0.84
0.86
0.95
1.00
0.94
0.89
0.84
1.00
0.97
0.90
0.80
0.74
0.60
0.52
0.56
0.67
0.87
0.84
0.71
0.88
0.94
0.93
1,00
0.97

021

020"

021
0.19
0.18
0.24
0.02
0.03
003
0.02
0,02
0.02
0,13
0.16
0.10
0.07
0.09
0.06
0.05
0.05
0.02
0.02
0.03
0.06
0.06
0.06
0.04
0.66
0.85
0.85
0.89
1.00
0.92
0.46

0.86

0.78
0.89
0.94
0.81
0.72
071
058
045
(.48
0.58
0.73
0.76
0.76
0.72
0.86
0.82
0.94
0.86

0.20
0.25
022
0.03
0.12
0.22
0.03
0.03
0.04
0.02
0.02
0.02
0.09
0.02
0.09
0.07
0.09
0.07
0.04
0.05
0.02
0.01
0.03
Q.08
0.05
0.05
0.35
0.52
0.62
0.80

0.84

091
0.86
077
0.82
078
0.87
0.82
0.81

069

0.70
0.62
0.35
0.35
0.43
0.52
0.77
0.62
0.67
0.82
0.81
091
0.74

0.25
020
0.23
0.02
0.01
006
0.03
002
004
001
0.02
C.01]
0.11
0.16
0.08
0.07
0.08
0.07
0.05
0.03
0.04
0.02
0.02
Q.04
0.05
0.04
0.27
046
0.58
0.72
0,91
0.85
0.73
075
0.84
0.7%
0.85
0.74
079
0.68
0,38
0.52
0.26
029
0.35
0.35
0.71
0.62
0.64
0381
0.77
0.82
0.68

.96
486
4,50
4,37
4.73
4.62
445
4.87
4.22
4,24
4.23
4.40
4. 12
4ol
“4.42
4.35
4.47
4.45
4.62
4.54
4.38
451
4.62
4.30
4.38
4.38
4.56
428
4,34
4.37
436
4.49
4,43
4,22
4.40
4.34
422
4306
4,52
4.4
4.35
4.36
4,83
4.69
4.71
4.90
4.86
4,56
437
4.73
4,62
4.45
4.69

5.062

1)
s 05
5.24
.67
5.01
4.40
4.69
476
448
4.38
4.78
5.10
.62
4.65
4.71

4.85

4,98
07
4,80
4.76
487
467
.71
4.71
4.73
4.68
4,57
4.51
457
4.50
4.62
4.39
.43
4.51
4.5\
4.71
4.62
461
4537
335
5.56
5.32
5.62
532
5.22
4.88
5.05
5.24
.67
501

5.0
611
595
{78
6.05
6.2
4.84
5.54
5.92
4.86
4.84
438
445
4.87
5.24
4.78
4.76
4.7
4.96
4.92
478
406
4.21
4.93
4.81]
4.84
482
4.70
4.86
4.82
475
472
4.78
4.32
4.67
447
1061
477
487
492
4.87
4.8¢
5.62
3.01
5435
3.04
597
595
4.78
6.05
6.02
4.84
5.34

LR T
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57
58
59
60

62
63
6d
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
4
85
86
87
83
89

91
92
93
94
95
Y6
97
98
99
L00
101
102
103
104
105
106
107
108
109

0.89
0.87
074
013
0.78
0.73
0.58
0.87
0.64
0.73
0.82
0.88
0.69
0.74
045
0.72
0.56
0.67
0.45
0.65
0.63
0.62
0.53
0.51
0.51
0.69
0.49
0.59
0.49
0.57
0.52
0.52
0.48
0.67
0.69
0,56
0.54
0.58
0.62
0.61
0.39
0.67
0.88
0.69
0.74
045
0.72
0.56
0.67
0.45
0.65
0.63
0.71

110
074
0,72
0.66
0.62
0.7)
(.54
0.64
(52
0.64
0.72
0.74
Q.53
0,62
0.42
0.63
046
0.54
042
0358
047
0.54
048
D.52
Q.48
0,37
047
0.49
045
0.46
0.42
0.48
0.45
0.54
0.55
0.53
0.49
0.54
0.57
0.55
036
0.52
0.48
042
048
045
0.52
0.64
0.72
0.74
0.53
0.62
0.42

0.89
0.69
0.65
0.54
0.59
0.64
0.53
0.61
0.53
0.52
.61
0.62
0.50
0.54
0,46
0.51
(1,42
0.51
0.41
0,49
0.42
0.48
0.43
0.48
0.49
0.62
0.48
0.45
0.46
0.52
047
045
0.42
0.48
047
0.38
048
048
0.54
0.52
032
0.46
0.46
0.42
0.48
047
058
0.49
0,58
0.52
0.61
0.62
0.41

(.92
0.56
D61
R
0412
(VRN
0.52
052
0.8
0.6
0.51
0.46
042
048
0.47
0.6
0.44
0.47
0.46
0.46
041
0.45
0.4
0.45
043
046
0.30
0.8
0.47
046
0.37
0.36
0.37
(46
0.34
0.51
045
0.42
0.48
038
0.38
0.34
0.8
0.45
048
0.49
046
037
036
0.98
0.56
0.57
0.38

4,22
.24
4,23
4.40
4,12
ol
442
4355
447
445
4,62
4,54
438
451
4,62
4,56
438
434
4,56
4.28
4.54
4.37
4.36
449
4.43
4.22
4.40

414

422
4.18
4.52
441
420
436
3.89
3.96
3.92
421
4.24
426
451
414
454
438
451
4.62
4,56
438
433
4.56
408
4.54
4.37

A0
J.09
470
Sl
.38
|, 78
S0
.62
1G5
4.91
4,85
478
4,067
80
.76
.87
4.67
471
4.7
4.73
4,68
4.57
451
457
4.50
.62
39

.21

4.51

428
471
4.62
4.64
J.37
474
438
439
446
.76
4.56
.22
4.27
4 .87
4.67
S|
-7
73
«.08
.57
4,51
.57
.50
4.62

$92
4 .80
<. 44
A58
418
4.37
5.24
4.78
4.76
474
4.96
4,92
4.78
406
491
4.93
4.81
4.84
4.82
4.76
4.36
4,82
4.78
.72
4.7%
4,42
4.67
4.2
4.61
¢.54
4.87
4.92
4.70
4,00
4.38
4.64
4.67
454
555
467
.34
4.67
4.6]
4.54
4.97
4,02
4.70
406
438
4,64
4.67
4.81
4.34

62w

583
5.00
:12
513
521
§35
491
S5.16
5.1%
321
5§43
5.62
5.17



110
111
112
113
114
113
L6
117
118
119
120
121
122
123
124
125
126
‘127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151,
152
153
154
155
156
157
158
159
160
161
162

.51
0.69
049
0.63
0.64
0.73
0.82
0.88
0.62
0.74
0.60
0.52
0.56
0.72
0.75
0.77
0.64
0.62
0.59
0.64
0.61
0.63
0.56
068
0.57
0.62
0.59
0.61
0.52
0.63
0.65
0.67
0.66
(.68
0.67
0.69
0,79
0.84
0.95
0.98
1.02
1.31
1.43-
1,12
1.32-
1,52
1.34
142
1.63
151

1.62

I;§1 .
1.42

0.56
052
0.54
0.66
0.57
0.60
0.82
042
068
071
058§
0.46
0.48
0.68
072
0.71
062
0.60
0.56
0.63
0.50
0.62
0.53
0.66
0.55
0.38
0.54
0.59
0.53
0.63
0.64
0.64
0.65
0.66
0.65
067
0.77
0.83
0.94
0.97
0.98
1.21
132
1.09
123
1.42
122
1.3]
131
1.32
1.51
1.52
1.35

0.54
0.46
0.51
0.42
0.51
0.4]
0.80
0,81
0.9]
0.74
0.56
0.37
0.82
0.67
0.66
0.68
0.60
0.59
0.52
0.62
0.59
0.61
0.52
0.64
0.53
0.56
0,52
0.57
0.51
0.62
0.62
0.63
0.64
0.64
0.64
0.66
0.76
0.82
0.92
0.95
0.96
1.12
122
1.11
1.2}
1.30
1.13
1.21
1.42
141

a2
1.41

121

0.71
0.56
.47
0.46
0.46
041
.45
0.46
0.34
0352
05
034
046
0.62
0.60
0.66
0.39
0.52
0.51
0.61
0.57
0.59
0.51
0.62
0.51
0.535
051
053
050
0.61
003
0.62

0.63

0.52
0.54
0.64
0.74
0.81
0,91
0.93
094
11
113
110
113
1,21
1,12
1523

142

141

132
1.42
113

4.36
4.49
4.43
4.73
4,62
4.45
4721
4.22
424
473
440
4.14
4.22
4235
4.31
4.62
4.70
4.2
431
4,95
4.97
4.74
421
4.63
444
4.32
433
4.59
4.38
4.36
441
4.51
4.63
475
4.79
4.85
4.95
521
523
5.3
4:89
4.76
4.81
4.84
4.78
4.80
4.92
4.89

484

4,74
477
4735
4.81

4.59
4.21
4.51
428,
471
4.7d
4.38
459
4,46
4.76
4 56
4.22
427
.21
436
4.4
474
5.23.
471
+4.98
312
477
4,52
4.66
447
444
4.36
4.60
4.4
4.4
4.48
453
4.69
4.79
4.81
4.87
.98

5.9

526
335
4.91
4.81
4.85
.88
4.82
4.83
4,93
491
486
4.7

478

i 79
4.83

4.42
4.76
4.46
4,82
4.75
4.72
4.78
4.42
4.67
432
4.01
4.54
4,84
4.32
4.36
4.70:
484
4.30
4.90
4 .99
512
487
4.81
4.75
4,52
4.48
4.58
4,62
4.45
441
4.5]
4.57
4,71
4,81
4.83
4.89
4.94
524
331
341
495
4.82
4.87
4.89
4.8]
488
496
492
4.87
4.78
47y

4.81

4.85

5.19
3.24
5.25
546
127
443
407
33
4.59
478
4.76
4.84
4.52
40
4,52
4.72
4.73
4.9
511
5.12
5.4
4.89
493
4.77
450
449
4@0
4.65
448
445
4.58
4.34
4.73
483
4.86
4.92
5.10
526
33
3435
498
485
4.89
491
485
4.92
499
493
4.80
4381

482
4.87
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163
164
167
168
169
170
\71
172
173
124
1738
170
177
178
179
180
181
182
183
184
1835
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217

1,72
1.62
1.7
1,82
1.30
1.21
0.72
0ol
068
0.7
0.79
1,12
121
142
1.20
1.31
1.41
1.31
1.21
1.33
142
1.61
122
1.21
1.33
141
132
1.22
1.20
1.23
1.12
1.1
1.30
1.23
1.20
1.31
1.20
1.1l
0.98
1.10
0.96
1.00
0.97
1.21
1.23
112
1.34
124
142
1.33
124
122
111

1.62
151
1,62
1Al
1,22
1.
0.69
0.60
0.66
0.71
076
1.02
110
L3l
112
1.21
1.31
122
1712
1.21
1.31
1.51
121
1.12
121
121
L1
1.02
0.98
1.10
0.96
09§
121
1.01
1.11
121
1.14
1.01
096
1.03
0.94
0.98
0.94
1.10
1.00
1.02
L10
098
1.21
1.20
1.10
1.01
1.03

1,50
(R
| 51
1.1
110
1,08
0.67
0.5%
0.6
0.69
0.75
098
108
121
1.10
1.1
122
121
1.03
112
1.21
1.43
1,10
1.09
1.10
1.12
1.13
0.98
0.94
1.07
0.94
0.96
.12
0.98
0.97
0.98
1.06
097
0.94
1.10
0.92
0.96
0.89
1.02
0.97
1.10
132
095
112
111
1.07
0.98
097

1412

[t

121
1,08
09
065
0,50
(.02
.09
073
096
110
1,12
116
()
1.18
1.14
112
I
1112
131
121
1.12
1.12
098
0.99
1.13
0.91
1.02
0.92
1.10
097
0.92
0.94
0.95
0,93
0.89
(.10
1.04
091
092
0.84
0.96
0.92
095
0.93
0.89
1.04
097
097
0.94
0.96

.18
A o
A4 RO
.92
AHT
A4.706
4,063
d4.54
002
ool
4,72
475
4.7
4,15
478
481
4,88
473
482
J.8Y
AR
4.91
4.7
4.78
435
4.85
4.09
4.71
4.96
4.36
4.:6
437
473
4.62
443
4.87
4.22
4.24
423
4.40
4.12
441
442
435
447
445
4.02
.54
4.38
451
4.02
4.536
438

440
R
ol
S
A Y
4,78
q.68
J 55
o Gl
4,68
T8
4,885
4,72
178
482
)
4.89
4.4
.4
492
|86
4,92
0,79
J.81

478"

555

356

552

3.02
3532
§.22
4,88
.03
324
4.67
S0l

440
4.69
4.76
448
438
478
S0
4.62
4.635
4.71
4.83
4.78
4407
4,80
4.2
«.37
DRy

8
4.5y
a9l
49K
4,92
4,70
4,72
J.56
409
4.70
4.82
|87
4,78
4.42
485
4,85
4,92
4,76
4,87
498
4.87
4.93
4.30
4.85
4,80
4.83
4.59
199
524
530
541
498
482
4.87
4.89
4.8]
488
490
492
4.47
4.78
4.79
4.31
4.85
4.88
4.89
491
4.98
492
176
472
4.50
408

4.9

A4
ANS
d.0y
496
LR
495
A.57
4,72
4,711
4.56
492
170
JR3
|87
4.83
493
4.7
4.89
493
4.84
495
4.81
447
48]
4.8y
480
4.81
4.82
487
491
493
445
4.9y
496
4382
475
457
4.7
471
4.860
492
476
183
487
488
493
477
489
)
LR
493
481



267

269
270

1.34
0.96
1.13
0.97
.04
0.89
1.12
1.20
131
0.95
0.73
0.85
0.71
1.02
0.94
0.97
0.98
0.92
1.10
0.98
1.21
132
112
1,02
0.96
0.98
0.99
0.87
0.98
0.86
0.96
0.95
0.87
1.01
1.32
0,94
112
1.21
0.96
113
1.04
161
1.31
1.62
173
1.41
132
141
123

1.61

1.52
1.33
141

1.21
0.94
0.98
0.95
0.92
0.86
0.98
0.96
110
0.94
0.72
0.81
0.65
0.94
0.92
0.92
0.93
0.85
0.96
0.96
110
112
1.01
098
0.95
0.92

094

0.81
093
0.82
092
091
0.82
0.92
1210
1.21
1.01
1.02
1.10
1.12
098
1.62
1.21

141

1.40
131
121
1.31
1.12
1.51
1.41
1.22
1.31

1.12
0.91
0.94
0.92
0.91
0.87
0,71
0.91
0.94
0.92
0.69
0.78
0.62
0.95
0.91
0.87
0.89
0.81
0.93
0.92
1.06
1.04
0.96

‘094

091
0.89
0.92

1 0.78

0.92
0.81
0.92
0.89
0.81
0.91
1.20
1.12
0.98
0.97

0.99 -
0.98

0.96
1.54
1.13
1.24

135

1.25
1.14
122
1.02
121

132

121
112

0,98
084
0.80
0.84
0.83
0.81
0.66
0.86
0.92
0.85
0.62
0.71
0.58
0.87
0.90
0.84
0.86
0.82
0.91
0.93
0.98
0.85
0.92
0.59
0.87
0.58
0.84
0.72
0.85

0,78

0.4
0.56
0.76
0.90
0.98
1.10

0,96

0,95
1,12
096
0.95
141
1.05
1.16
152}
1.16
1:13
112
0.96

42

112
112
105

4,18
4.56
4,28
4,54
4.37
4.36
4.49
4.43
422
44|
4.34
422
4.36
4.52
d.41
435
456
4.85
4.09
471
4.96
4.80
4.56
437
4.73
4,62
445
4.69
432
4.24
4.23
4.40
4.12
441
442
4.35
447
445
4.02
4.54
438
451
$.62
4.56
4,38
4,38
4,36
428
4.54
437

430

4.4y
443

471
4.71
4,73
4.68
4,57
4.51
4.57
4.51
4.62
4.39
4413
4.51
4.51
471
4.62
4.61
4.57
3.55
5.56
5,52
35,02
332
522
4.88
305
5.24
4.67
501
4.40
4.69
4.76
1438
4.71
473
4.68
437
451
4.57
|50
.62
439
443
4.351
4.51
471
4.62
4.61
4.57
5.55
5.50
5.52
3.62

532

470
4,82
4.87
475
4,42
4.85
4.85
4.92
4.76
4. 87
495
4.87
4,93
4 50
485
4.50
4.83
4.89
4.9
324
530
34
4.95
4,42
4.87
4.89
4,81
4.88
496
492
487
4.78
4,79
481
4,85
4,88
4.89
4.91
4,08
492
4.7¢
1,72
4.56
409
4.70
4482
4.87
4.75
4.82
4,35
4.85
4.2
4.7¢

487
481

4.89
4.80

18|
4 K2
487
4.1
4,93
4.95
4.899
4.9¢
4:82
473
437
472

© 471

480

492

4.76

4.85

487

4.88

493

497
489
4.93
488
4.95
481

4.87
+4.81
4.89
4.80
4.8/
4.82
4.87
491
493
495
4.99
4 906
4.82
4.73
457
4.72
4.7

4.86

492
476
483
4.8
438

28
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271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287,
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
30S
306
307
308
309
310
311
312
313
34
315
316
317
318
319
320
32
322
323

1.42
1.31
1.51
1.71
1.61
1.42
1.61
1.82
1.41
1.62
1.73
1.52
1,61
171
1.61
|42
1.31
1.51
1.42
1.51
1.61
1.4]
1.72
1.61
1.42
1.50
1.70
1.61
1,51
1.81
220
2.64
2.42
221
2.40
2.61
2.82
2.42
2.00
2.62
242
2.21
2,82
2.82
2.62
242
2.40
3.00
2.9]
2.22
2.00
2.42
2.63

1.10
121
1Al
1.63
141
1.32
1.4l
1.71
131
1.40
1.54
141
1.42
1.55
1.42
12]
121
142
1.30
144
1.45
134
1.65
1.43
132
134
1.55
1.50
143
1.62
1.68
1.84
1.95
1,82
1.78
1.89
1.97
1.70
1.58
1.74
1.86
1.52
1.82
1.81
1.6]
192
1.82
2,79
174
2.11
1.82
221
242

1.02
1.04
1.35
1.51
1.32
1.21
123
131
112
1.21
|.43
1,31
.21
1.36
1,32
113
Ll
1.23
121
125
132
1.23
1.46
1.34
112
121
1.41
1.32
-1:21
1.43
1.48
1.62
1.84
1.75
1.57
1.65
1.80
1.61
1.71
1.65

, 162

.41
.74
1.62
1,54
1.52
1.61
1,81
1.44
2.00
1.63
2:12
2.2]

097
095
113
132
121
112
112
113
0.96
1,12
120
|14
115
125
1.13
1,05
1.02
1.03
112
1.04
1.2
112
1.2
121
1.05
1.16
1.25
1.22

1.12

123~

124
1.52
1.52
1-51
.48
| 47
I.61
1.42
I.51
152
1,42
1.30
1160
1.51
1.42°
131
1.30
172
1.32
1.52
142
1.61
1.81

4.22

40

4.0

4.22

418

4.52

441

429
436
3.89
4.02
4.50
458
4.38
456
4.28
4.34
4.37
4.36
4.49
4.43
4,22
440
4.44
477
4.18
4.52
4.41
429
436
438
456
428
.54
437
436
438
4,38
4.56
4.28
4,54

437

4.36
4.49
44
4.29
4.36
435
4.62
4.56
438
4.38
4.58

457
495
§.37
4.93
4.50
4.35
493
4.80
4. 83
4,82
479
4.8
4.8%
4.48
4.89
101
408
4.92
4.76
4.72
4.5¢
4.69
4,70
4.32
4.87
4.75
4.82
4.85
4.85
4.92
4.82
437
4.75
4.32
4.85
4385
4.69
4.70
4.82
4.87
1,75
4,52
4.85
4.35
493
4381
L)
4,82
4,79
481
4.35
4,88
492

SUX}
4.77
4.4
491
488
495
481
487
4.81
487
4.52
473
§ 37
4792
47
4,80
492
476
4.43
4.87
488
4.93
497
4.8Y
443
4488
495
481
4 87
4.51
472
4.7
480
492
470
4.83
4351
487
4.81
+89
441
4.4l
4.82
4.87
481
4.87
4.8
4.8
432
75
4357
4.2
193

o
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324 300 262 251 2.10 484 486 487 4.89

325 282 261 244 212 a4 477 478 480

1 326 2.61  2.52 231 220 4,77 478 4.79 181

E' 327 201 272 260 242 45 479 A8) 4,82

!_ 328 241 220 204  2.00 430 a3 488 1 87
. 320 282 270 245 2] 469 486 A48 4.91 “da i
! 330 265 252 2412 204 470 ok AEs A9 -

Table 3.11. The amount of remaining 1 and pt of the wrented water
i starting with initial 10 mg/L F~ containing 0.05 M PA Before (iluntion
through limestone column after different tirne intet vals

e ———

|F] =10mg/L pli=LT -
1 3L GI Ul 12h 3 6l 9 IZh__
| 0,52 042 0,04 ] 479 S14 562 6.37

S 002 002 002 002 512 521 526 329
100 027 046 035 022 537 583 673 740
15 0.01 001 003 002 508 567 559 . 557
20 0.03 0.06 004 009 426 4192 5102 530
25 024 052 047 110 498 475 478 312
30 0.56 0,65 034 053 488 448 493 511
3§ 0.66 0.61 0.60 054 473 490 - 487 521

40 058 046 069 047 492 487 491 3517 L
45 067 038 054 0.68 489 4ol 479 478 5%

500 073 061 061 070 - 4.69 484 485 484
55 084 067 067 068 484 497 476 4N
60 062 041 066 058 497 478 496 4.85
65 071 062 053 061 478 478 491 478
70 082 076 074 076 493 495 489 484
75 093 091 081 084 487 469 4.69 491
80 076 072 068 068 4:82 A7z oA 510
g5 048 084 08 076 467 434 490 503
90 075 069 065 065 496 497 479 452
gs 084 081 075 071 482 472 476,310
100 099 076 074 076 493 495 489 4.84
{05 075 071 067 068 512 521 526 529
110 085 083 079 073 537 583 673 740
115 097 091 087 082 508 567 539 357

120 095 089 086 082 476 492 502 53| s
5 1Al 812602 130 49845 @A 5l ' -3 s
170 142 132 121 098 438 448 493 S0 - g
e a1 181 323 L0, 473 A0 487 fal il

140 067 062 059 055 492 487 491 507
. 145 091 089 092 088 489 491 479 478
1s0 078 073 065 062 489 4.84 485 484
s e 0. O7F 04 AAR e 430
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o7l 497 478 496 48
476 478 481 .85 s

92

160 078 074 0.5
165 0.87 084 08! 0.78
170 0.89 ©.84 0.82 0.78 491 49 482 4
175 091 086 083 0.82 475 487 474 52
180 097 0594 089 0.86 467 472 478 30!
185 121 116 096 093 46U 489 476 <87
90 1.33 124 112 099 488 469 475 492
195 121 106 L12 097 467 472 436 501
200 122 118 097 0.95 465 493 469 3.7
205 121 113 L1l 098 523 505 s.47 612
210 122 098 094 092 552 T51 7.54 7.5
715 112 095 092 087 505 S45 564 357
220 093 0.86 081 076 482 S34 502 54)

225 121 113 097 0.4 487 540 504 304
230 112 110 L1l 100 467 432 482 509
235 121 k13 121 LI6 486 494 502 S
240 122 112 110 092 495 4.89 494 3516

245 095 0.92 091 0.84 469 4.85 490 305
250 131/ <131 121 115 4.88 489 474 492
255 122 1.14 107 096 4,83 492 496 352!
260 1.62 142 121 120 482 4389 498 512
265 142 131 122 L2 4.69 494 5027 <92
370 133 123 114 109 478 487 493 =07
275" 1.62 141 122" %1l 486 494 502 3
280 152 143 121 1.00 405 489 494 513
285 172 162 142 121 469 4.85 490 505
200 1.62 151 133 L21 537 673 674 0982
295 262 171 163 151 508 S8 385 6.0l
300 2.63 1.85 1.56 145 az16 555 567 552
305 223 212 211 151 .92 495 4.69 83
310 2.82 261 243 211 4,48 475 489 3324
_3_[5 2.84 263 241 210 4:86 494 490 4.9

Limestone defluoridation in presence of 0.01 M PA
lu a similar way as the above experiments, limestone defluoridation hes been tried using B
0.01 M PA to observe the effect of further reducing the amount of the ncid. i cuse ol 0.01
M PA also good fluoride removal has been shown by the limestone colian. The percent I' |
removal and pH of the water after treatment have been presented in the Fig. 3.18 (€) for 3
and 12 h of residence time and concentration of remaining 1™ along with ptl yulues hav- il
been presented in the Table 3.12 for 3, 6,9 and 12 h of residence e Fram is plot s e

be observed that limestone defluoridation in presence ol even 0.0 kit PA ooy reluce
fluoride 1o below 2 mg/L up to 76 times ol repeated use ol ihe sune lunestant
Interestingly. with 0.01 M



Fable 3,12, The umount of remaining 17 and pH of the treated water
starting wilh initisl 10 mg/L F* containing 0.01 M IPA before Gliation
through limestone column after different Hine intervals.

[F] = 10 mg/L pH =225
" 3l 6h Oh  12nh 3n Gl 9 124
1100 067 048 006 583 592 692 175
2 026 001 002 0 614 623 655 665
3021 0.0 0 { 6.12 614 0692 700
4 001 0 0 0 G623 627 639 654
5 001 0 0 0 566 519 636 0663
6 0.0 0 0 0 $73 516 584 696
7 0 001" 001 002 556 438 523 564
8 005 0.04 002 019 584 587 634 558
9 036 031 002 027 576 498 4.84 544
10 097 086 074 06l 578 576 620 625
11 073 072 094 086 581 570 $94 624
12 067 081 078 094 578 6.12 621 630
13 0.83 0.66 061 054 58 623 631 638
14 0.86- 0.72 064 053 576 612 612 064!
15 079 076 078 0.64 586 623 6.13 G6.5)
16 092 097 084 093 591 612 624 6353
17 1.000 093 08 074 591 623 612 634
18 098 089 065 073 S8l 619 614 619
19 1.02 1.01. 076 067 596 580 €03 642
20 085 096 08 093 591 621 607 622
21 072 085 081 055 583 623 604 575
22 094 094 087 078 584 631 611 62v
23 079 092 078 067 3576 596 608 G6.12
24 087 102 095 076 574 579 6.10 622
25 091 095 087 075 58 58 605 625
26 084 080 078 0.88 578 6.02 607 631
27 103 093 082 092 575 601 604 603
28 088 089 084 095 577 610 631 614
20 083 096 092 087 583 600 61l 623
30 079 098 087 0.71 5.84 612 612 649
31 0.89 094 093 087 3587 615 595 643
32 091 093 085 087 576 612 604 617
33 087 101 LI2 083 575 577 589 634
34 091 104 096 095 577 611 607 61U
35 088 111 1.05 086 567 577 587 632
36 085 105 095 096 58 619 61l 6OS
37 066 112 094 090 575 613 601 35380
38 092 1,08 095 087 378 611 604 39
39 099 Li7 096 085 596 605 612 64
40 121 1200 095 082 565 617 603 62
41 094 094 072 094 611 620 602 643

2



42 104 058 093 078 604 624 605 627
43 107 108 123 U89 602 603 618 643
44 112 112 095 110 620 611 608 61Y
45 107 105 099 112 §.14 606 622 6.0Y
46 105 1.02 093 093 593 607 6.12 600
47 131 115 120 0.94 508 631 615 638
48 122 107 095 085 s94  6.15 601 612
49 143 112 089 101 576 6,12 634 579
SO 124 1,16 121 096 S86 6.2 623 59
st L4 21 12l 1eS 367 578 0604 G63v
52 121 L1102 1.02 578 614 D4 382
53 1.12. 105 103 094 5.57 605 S04 G35
54 1.24 107 104 095 577 6.06 613 3.65
55 1.07 096 1.01 087 575 .5.36 611 57|
56 1.03 093 1.02 089 574 614 6,06 3.506
57 098 094 091 092 572 6.12 607 3570
58 1.05 1.02 096 094 82 6315 612 56
59 L13 L0s 091 0.87 5.88 3565 632 599
60 114 103 103 097 578 633 611 569
61 112 106 097 086 373 6.12 621 631
62 126 121 104 098 574 607 612 603
63 121 102 095 0385 571 608 6.4 586
64 098 092 087 096 s73 6.l 6T 637
65- 112 098 087 0387 574 621 6.14 636
66 152 135 121 EI2 586 6.06 623 579
67 L71 155 132 133 5.63 556 604 569
68 1.82 176 142 L4l 545 614 614 63!
69 171 L66 1351 132 596 6.12 594 6.0
70 213 184 1.63 142 565 613 613 385
71 205 175 131 132 6.1 565 Gl 58
72 227 .85 162 14l 6.4 623 6.06 633
73 230 215 181 1.6 602 612 G618 565
74 226 191 172 132 620 611 608 371
75 2,50 228 1BlL L6l 614 606 62 3535
76 271 237 193 L72 598 6.0 612 571
77 3,01 258 2.62 211 394 631 614 630

nioval has been observed with 6, 9 aad 12 I restdencey
o be 1 breakthrough around n = 70 when the Huondeg
%, An advantage of using 0.01 Nl oEP
at observed with higher conceitinhions ol

PA, nearly cent percent fluoride re
(ime for n = 2 to 6. There seems 1
removal decreases rapidly to less than 80
concentration the higher final pH compared 0 th
thie acid.

The above results show that in ¢
PA is more effective 1n remaving fluorid

ompatison 10 the pet Fomaiice off AN, Camad D4

¢ inthe AELD nigthod.



Efiect of varying initial concentration of fluovide

The Yo 2y = . . v ’ { HO R o
The effect of varying initial concentration of I on the periormance of this treatnient

process has been investipated by using different initial concentration of flueride, vz 3, U
ted in ri:, 119 (A B,E

e ) / SR e
and 20 me/L and the results of these experiments have been presei
ith 0.01 M PA, IS

and Table 3.13 up to n = 50. The pl1 valucs of the wented water starling w
similar in all experiments with different initial F" concentrution, Similarly, the pil vilues of
ihe water after treatment with 0.05 and 0.1 M PA are also alike for all the experiments with
different initial F* concentiation. Therefore, in the plot ptl values of the expetiment wilil
only initizl [F] = 5 mg/L have been presented. [n case of 0.1 M PA ind 5m

concentration the removal capacity of the limestone is very miuch sauslactory o

(Fig. 3.19A), Similar type of result has beea shown by the D.05 M PA concen yalion where
sood remaval has been achieved up ton = 325 and 315 for initial 3 g/l s 19 mail
fluor:de concentration respectively.

It has been observed that with initial (F7] = 5 mg/k and PA = 0.01 M the sams let of
limestone can be used to more than 190 times which is an interesting cbservaliol of thus
experiment. This 0.01 M acid concentration can therefore be used for the practical field

where the F~ concentration of groundwater is around 5 mg/L. However, with LO.0f 20 mg/L
initial concentration the removal seems (o be relatively poorer with (.01 M LA In thus
~ case, the same limestone bed can be used for n= 60 or 70. The femovil improyves with -
higher acid concentrations; viz., 0.05 and 0.1 M. From this experiment it s been obsarved: o -
that ‘with lower initial concentration of fluoride the repeated usability of the linicsione :

column and hence the fluoride removal capacity of the limestone improves.

g/L anitial I

plon= 330

Lstimation of the defluoridation capacity of limestone with PA
The capacity of the limestone for defluoridation of water using 0,01, 0:03 and 0.1 MPA

has been estimated by taking the different experimental parameters o consideration. The
results of this estimation have been presented in the Tuble 3.14 which sliow high capagity

and hence efficiency of the treatment process.

The amount of limestone taken for each experiment was 0.6 kg. The totel quantity ol the
water that can be treated by this quantity of the limestone has been found 1o vary with the
initial concentration of {luoride and the initial concentration of PAL A3 wsunl, with higher
acid concentration and lower initial concentration of fuoride, the treatent process 2oves
beiter results i.e., purifies larger quantities of water. The capaeity of linestoae of the
¢fficiency of the ABLD process with PA has been found to be much beiter than that with
"AA, CA or OA. By increasing the size of the limestone column the volume of reated waler
can be increased. It has been found that the F removal is good alsy with 1 h cesidence ime
(Fig 3.17) and therefore by reducing the treatment time 1o | l} npfarc waler may be uc-.:ted_ .
ina day. To increase the capacity of the limestone when ‘\he initial conccp}x:ntion is high, -
say 20 mg/L, arrangement of more than one column in seties can be done. This should also

biing the final pH to near peutral.
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Figure 3.19, The percent I remaval and pH of the water vs. number of repeated use of
the same limestone (n), after treatment for 3 h, when the acid concentration
(A)0.I M, (B)0.05Mand (C) 0,01 M FA was added (o the
Nuoride containing water before Mliration,

Tuble 3.13, The amount of remaining ™ in the treated water starting with initial 5, 10
and 20 m/L Initinl I concentration containing 0.01, 0.05 0.1 M PA before filtration
through limestono column after 3 h treatment for n=50,

- 00IM 0.05 M M
Smpl 10mgl 20mg/l Sl 10mg/l. 20mgl Smgl 10mgl 20 mgl
. 045 100 200 035 052 180 035 07 07l

2 0.52 0.26 2.10 042 0.03 172 0.32 0.71 0.78
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e U3 0.7 I ;
49 0.75 143 4.0 0.74 0.76 22 0.03 & L]
50 0.74 124 482 0,73 0.73 271 0.08 034 hw ,

ying Nuoride coneed waion 5 2t and

Talile 3,14, The maximum valu : e o
the quantity of water defluoridated till then (capueily) per ki b Timesions for ditier s P

concentiations of 1uor ide with different PA CONCeNITIiioNs

ol 'n Up to which the poman
for 4 reatyhen v iniear3 i,

fuitial [F7] |PA| " Capasity in S g
0.01 180 6l ( g
S 005 325 108 1
0.10 380 126.€ .
0.01 70 23
10 0.03 315 105
0.10 330 110
0.01 30 10
20 0.05 85 283
0,10 190 633

Comiparative Evaluation of the performance of lhe Joux Acids
w1, Fluoride removal performance

In this defluoridation study, four ucids wiz.. AA, CA, OA and PaA have been used to ]
by adding the acid 1o the Huoride §

inceease the caleium ion activity in the finestone colurn

water before filtration through the column. The acids have shown gocd pecforince with
y to dissolute the limestone in the column for peecipitation of
ds liberate Ca*™ from the limestone uad forms theic
catenugl

respect o their capacit
{luoride as caleium fluoride. The aci
respective salts namely, calcium acetale, caleivum cilrate, caleiuny oxalide 3
phosphate. Among these salts calcium phosphate hus an advantige over the vlhers, winchi
has alveady been used in defluoridation process. In presence of waler maoleeules o the
colunw caleium phosphate transforms into calcium phospliate hydroside Lo HAPY [ hers
are number of works has been done with HAP for defluoridation auce it hus beon onnd 13
be o good fluoride scavenger. It can precipitate and adsorh fluoride (ormiing caleivil
fluoride and calcium FAP respectively. Thus the formation of HAP in the ‘li:ncs:oue
column gives an extra advantage to the treatment process. Lo compurison L AL, (he othier
sulis of the ucids does nol show flucride removal ability as has been fayvestiguied by faking
the liboratory chemicals of those three salts for delluoridaion, e JL\. imi.\c:s the
limestone defluoridation process by blocking the limestone swiluce. Tuis may. o herensol
ol the low capacity of fluoride removal by the Lmestone chipy i this dellucncanion
process where AA, CA und OA have been used Adsorption of I'™ {s ulsa possible oi (e
Lew surfaces of limestone created afler dissolution and on the surlace: ol HAP,

3



In addition to this the neutralization of all the acids excepl PA has been found lo be
very fust and neutralization completes within 3-4 minutes. But neutr Jization of PA in the
limestone column has been found to be very slow and (akes up tu 24 h (g 3-17) A
ghortcoming of this slow neutralization is that the weatment process by PA requices pH
correction of the effluent water, which is not needed by the other threc acids. However,
despite this limitation, PA is far better than the other acids in lerms of the fluaride remuval
capacity of the limestone. Considering the benelits and shortcoming of the ueids used 1o
{his treatment process, the order of the acids in terms of increasing Lic cupaeily of 1he
lmestone for weid enhunced limestone defluoridation process 1s a€ lollows: PAZZ0A>
CA> AA.

A Comparative Cost-bencefit analysis

A low cost fluoride removal process is always desirable. The acids used in the present
process are of low cost. Limestone being very low-cost has a little effect on the total cost.
The total costs per liter of water have been éstimated to be

Table 3.21. Cost-benefit analysis of the AELD process. The cost ul tie ucids and limestope used i the

estimation are the retail prices,

Acid Strength of acid Cost in Rs/L |
0.03 0.259 ™
AA 0.06 0277
0.1 0251 1|
E _ 6.0 TE A |
CA 0.08 1053
0.1 1187
- 0.01 ond E
OA 0.05 VENE! §
0.1 X U341
001 3,054
PA 0.05 0.206
0.1 0398

The cost of removing F per liter of water |
presented in Table 3.21. It can be observed from the table that, AA, OA are more Costs

effective in comparison 1o CA having higher price. The capacity of the lintestone hus been

*cannot bring F' 1o below 2 mg/L

vom 10 mg/L (o below:2 myl. has bean, =

increased to a significant amount when PA was used. he use ol PA leads o higher

capacity of the limestone

consideration of the cost 0
needed for the treatment process an
fhe best for this technique. Use of higher con

also increases the capacily of limestone, whic

and the mmount of treated wat
f tlie per liter of the water, the amount of seid and [hmestone
d the time required for the treatment, the 452 ol PA i
centration of the acids inerzisis tue vost but
his also desirable. As 4 whole the methiodiis

quite cost-erlective with all four acids.

or is nlso incrensed Feom the




Overall Development Objective 2:

¥

o Opumization of chip size of ceushed limestune, colinae 3iey 2le Wk apani i
wrotidhdter and cancentration af fluocide:

Limestone particle size selection.

Crude limestone and powdered limestone of parlicles size <170 wm were obwined gy
Bokajan Cement Factory, Bokajan, Assam, India. The crude limestone was erushed iy
different particle sizes viz., 1-2 mm, 2-3 nun and 3-4 mm sizes to a.c in the ¥ perinients.
The composition of limestone based on chemical anulysis is given in Tuble 1.

Table |- Chemical composition of lhnestone sample.

SI. No. Cemposilion Yo Wikt ot dricd
tteriul
1 Calcium earbonnte CaCO; §5.0-90.0
2 Magnesium carbonite MgCO, ; 0.8-1.6
3 Calcium oxide Ca0 10.0-45.0
4 Magnesium oxide MgO 0.8-12
5 Silica Si0- OG- 140
6 Alumimnium oxide AlLO, 4.0-5.0 . |
7 Iron oxide Fe.0, 2.5-3.5 |
8 Loss onignition 33.5-373

The selection of the appropriate particle size for lunestone detluoridation processes was
done afier performing some preliminary experiments. All the pariicle sices have beso
used in the batch tests and in the colwnn tests using different acid concennitions. [he
powder of size <170 pm created problem in the filtration process, sicce limestone powdet
possesses some cementing properties, The same type of problem was faced daning he use
of 1-2 mm sized particles. The batch studies were performed wang (hese twa sizes.
However, in column experiment the smaller pasticles blocked the filteation process. Fhe
2-3 and 3-4 sizes were betler in termis of solid-liquid ratio, since lu ey vaps benveen the
particles provided spaces for more water than the <170 pum and 1-2 yane sized payidcles. In
comparison 1o the 3-4 mm size, the 2-3 mm size paticles showed greater luoride
repioval capacity which may be due to the increase in surface area in thie sialler one. Faor
batch experiments 3-4 mm size particles were also used. The 2-3 mu sizc pariicle has
been selected for all the column experiments which were the major experimens ol the
present study. .

Seme batch studies have been done as preliminury study for evaligtion of (lie ot
ul’AA and CA 1o be:added to the fluoride water for delluoridation. ln the (st bateh st
with crushed limestone, a set of half liter size plastic botties were illec vith 3-4 nm sizs
limestone particles and 10 mg/L F solutions having varying concentrations of 0,016 ©
0.20 M of AA were added to fill up 10 the top level of limestone. The experiments wee
repeated with CA of varying concenteations from 0.01 1o 010 M and ciushed liniestons
chips of 3-4 mm.



Overadl Developmental Objectives 3:

The column e

‘ Xperiments were carried out
ot crushed limestone chips of 2-3 ;1

volume reactor filled with 2

in plexiglass column reactors with fixed bed
mn size, The water holding capacity of a 600 cm” inner
=3 mm size crushed limestone chips was ubout 200 mL

The effect of initial concentratio
AELD process. It is difticult to r

concentration as it is difficult to
concentr

n ol fluoride in the water is an tnportant factor in the
emove fluoride from water containing low initial F
achieve supersaturation of F~ and Co?' at low initial
ation of F. To lower the fluoride level from u concentration like S0 mg/L
divectly through precipitation, needs addition of a sufficiently high amount of calcium
ion. Therefore, to ivesligate the influence of mitial concentration of fluoride on Nuoride
removal by the AELD the experiments were carried out with diflerent initial tuoside
concentrations, viz. 5,10, 15 and 20 mg/L using all acids.

Optimization of retention time:

Lffect of contact tinie in Batch Test with AA

“The dependence of the removal of [ on contact time (1) with crushed limestone in the
batch wus examined by measuring the remaining F concentration in watcr samples
withdrawn from the containers after t = 3, G-and 12 h and the results are presented in Fig.
3.2. The removal of F was found to increase with increasing tlie contact time. The

removal continued to improve even beyond 12 h up 1o the acid concentration of 0.10 M.

The remaining F~ concentration decreased almost linearly with the contact time up 10 12 k.
The slope slightly decreased with increasing the concentration of the acid, This 11::ch:\l:S
that at higher concentration of the acid the F* removal is not only better but also qlucl;c.r. It
can be seen from Fig. 3.2 that the equilibration times for I'" removal in the presence ol'0.1
MAA I8 abott and 12 h; respectively and the equilibration tine increusss whh d:crfasu
it the concentration of the acid. So, the 12 h time can be taken as the tolal treatient time,

since it mimics an overnight treatment along with good fluotide removal. e

-
.
.

LSRR D)

\L? sy,

7l dg



.
|

=

e

6 T__-—/’j
[AA) ~= 0.016H

5 1 —a OOJSM
2 0.06M
o= 007610

4 — 0N

F1(mal)
N w
el

1/ (h)

Figurc 3.2. Remaining [F7) present in the water afler ireatment with
e time, (8 mh

crushed limestone of size 3-4 mm for vai ying cona
in ihe presence of AAforn = | of the bilel (est.

Effect of residence time in column test with A4
The Fig. 3.4 shows that there is an increase in F~ removal capacity ol (e limestone wilh

increase in residence time. A less residence time i3 always desirable in any water eatmient
process. Here in 6 hof residence time F' removal is satislactory onty upto 4-5 tiines repented
use of the same limesione. On increasing the treatment {ime w0 12 h, 80 v, rernoval can be
obtuined upton=10-12. A 12 h residence time can be compared (o an o vertight expesigiol
(he F~ water 1o the limestone particles which is very i

“Table 3.2. Remaining [F7) and pH of the waler after treatment of 0.03, 0.06 and U1 M AA

containing 10 mg/L fluoride in distilled water, using 2-3 nun size lmesione chips
column for (A) 6 1, (B) 12 h ind (C) 24 | residence thne.

(A)6h .03 M 0.00 M 0.1 m

" F(mg/L) pk Flmg/L) e F(glt)) [l

I 1.88 728 146 724 |26 755
2 191 7.7 147 7.32 134 6.87
3 197 7.45 1,35 7.22 1446 ‘122
4 2.03 7.55 1.54 6.92 | 43 642
5 250 6.82 1.77 6 48 1.53 6.8
6 271 7.22 2,46 654 16l 6.5
7 342 6.68 2,66 0,65 167 .63
g 1.47 6.92 272 642 | 75 7,22
9 367 688 29 61 | 4l 6108
10 4.10 .44 3.08 609 2.03 692
1 4.24 6.92 317 682 2,18 6.5
12 4.53 6,88 326 722 252 7.23




(312 1 0.03 M 0.06 M brm. T
n Fimp/l) nH Fmyg/L) i Moang/La p
1 1.40 690 1.21 731 (.97 0,25
2 1.60 6.5 131 127 |21 6.3
3 1.73 6,67 1.30 7.28 118 6.5
4 1,51 6,71 | 24 T8 |54 6,37
5 2,13 6:54 146 7.05 1,38 628
6 2.55 6.66 2.13 6.63 1,39 6.26
7 2.88 6.73 225 6.76 1.36 596
3 3.20 6,63 2,55 .54 1.48 604
B 3.45 G.58 241 6.40 1.55 6.14
10 3.67 6.65 2.52 6.13 1,45 596
1 3.2 6.53 2.64 6.37 1,92 6,27
12 3.97 6,49 2.76 628 2.4 6.2 e
8.
(C)24 h 0.03M 0.06 M 0.1 M f’.Z{A
) Floig/L) pll Fling/L) pHl Flmg/L) it
I 1.7 7.21 1.15 7.35 103 7.63
2 1.38 7.78 1.15 746 1,09 718
3 1.52 7.54 1.16 7:37 1,12 G673
4 159 7.65 17 726 1.16 6.63
5 1800 - 7.8 140 707 120 7.8
6 2.16 7.50 1,96 6.68 126 7.035
7 2.65 7.09 2.09 6,87 151 6.3
8 3.13 7.28 249 6.69 |44 676
9 3.24 7.13 2,28 06,50 L 5% .54
10 3.30 6.52 2.47 6.1 1.63 726
1 3.42 6.63 2.53 0.54 1.84 7:12
12 3.56 6.58 - 2,67 6.37 1.79 6.08

common in household water purification processes. It can be mentioned here thar even i 5

the fluoride removal further improves slightly with 24 h of (esidenee time, & residense lime -

ol 6 or 12 h may be more suitable for practical purposes. 1o

Lifect of contact time in Baiel Test with CA

The dependence of the removal of F' on contact time, t with erushied limesione jn tae bateh
was examined by measuring remaining F- concentration in water samples withdiwwn from
the containers after t = 3, 6 and 12 h and the results are pregented in Mg, 5.9, The remoyal
of I~ was found to increase with increasing contact time, irom the plot il cun be seen that
the slope rapidly decreased to almost zero at 0.10 M ol €A This meuns, the Nuorids
removal attains equilibrium rapidly on the first time use of the crushed limestone and the
- equilibration time incréases with n.
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Figure 3.9, Remaining [F7] present in the water after treatment with cnisiied ;

limestone of size 3-4 mm for varying cantact time, () in hoar
in the presence of CA forn = | ul"the butel (est;

It can be seen from Fig 3.9 that the equilibration times for I remaval ‘o the prosenes ol O
M CA is ubout 6 h and the equilibration (ime increases with deereasc i the concelitialion
of the acids in both cases.

Efrect of residence time in Colunm Test with CA
The effect of residence time on fluoride removal in this experiment can be obszived vicady
from Fig. 3.10 and Table 3.5. There was a little Improvement in the (luoride renuval
beyond a residence time of 6 h which is evident from the data available ou the tble. &
minimum resideace time of 6 h will be needed for the treatment process and 12 Jy i be
selected as the maximum treatment time for effective F~ removal, It cun be mentionud here
that even if the fluoride removal further improves slightly with 24 h ot resileqce tinz, 3
residence time of 6 or 12 h may be suitable for practical purposes, needing ab the wust
overnight exposure of acidified fluoride water in the tiushed limeston. lined 5.0 weielois,

Effect of vesidence time in Colunn Test witl O
In case of OA experiment a residence time of 6 h shows a betier I renioval pertorian el
comparison 10 AA and CA. It can be scen from the Lible thal there is u very sl
difference between the remaining flucride concentration alter 6 h und 12k wigh )3 &
also with 0.1 M OA concentration. Thus it appears that a 6 h residence (ime 15 sullisied 10
AELD using OA. A further decrease of residence time may be possible it (he solid figul
nuio s incrensed.

1yfect of residence time on defluoridation aid pH with P

Fig. 3.17 (A& B) shows the results of the preliminary investigation of this ' ChedilE
limestone defluoridation, where 0.1 M PA, 10 mg/L initial Huonde CONGURAN Eon
mum size limestone particles have been used. Fluoride iemoval paifunnanss af
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experiment was observed starfing §
: SCrved starting f 3 - . . -
g from | min to 24 h of residence time [ Pig, 217 (A) the

v o .
plnls ol coneentration of remain: :
: I remaining fluorida and pH in the water after lipestone breatinent

agninst residence time staiting fr
of Fig. 3.17 (B) thch 5“‘1‘““2’, from ] to 1440 min (i.e. 24 k) have been shown In the fnset
i B e 1 o .
SRR sulis of ﬂlft)rldc removal during the Leatment tine ol 1 fo 30 min
observed (’-:on;x lhc:lnr’.::\lm,],ldcLI form and ‘the data can be seen in ‘Fable 319 [t can be
i = Mg, 317 (B) that withi ; Rlvos: 1 ‘

: ! ithin ¥ min of residence time the Luorde
concentration decrease Rt NG e e e g
26 AT S m_s‘ 1o 1.4 mp/L from initial concentration of 10 mgi L anct the remaval
increases with increase in the residence (inie g

The conce i ; e 2
min of resid mr-ahon ol fluoride in the treated water.was found 1o be | mp/l withir 30
] esidenc Ther ; 0 3 ¥
ce time. The removal performance of the limestone columa furthicr inereasad

with the resi e i / ;
esidence time above 1 h and gradually, but with very slight inciense, continues up

o 12°h Fig, 3.17 (A).
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KFigure 3.17. Concentration of remaining fluoride and pH of tie waler vs. resic
(A) 0-24 h afier treated with 2-3 mim size linestone when initial [F]=10 mg/L.
(B) inset the varintions are shown in expanded form ;

for 0-30 min. Concentration of PA =0 1 M.

However,

3.17 shows that the pH of the water suddenly increuses (o 4.59 from 178 wilhin L i

then there is a decreasing (rend up to 15 min and

Table 3.9. Remaining [F] and pHl ofthe treated waler nlter 0-24 h
of residence time. PA = 0.1 M, Initial [F7} = 10 mg/L.

Time (min)  F(mg/L) ph
0 10.00 .78
1 1.40 4.59
3 130 4.54
6 1.20 441

Sl B
there are very little differences in the fluoride removal ia betweei 3 24 :
b of residence time. The pH of the water after addition of 0.1 M PA was 1,78 which was '
found to exhibit an irregular behavior with residence time, The neuwalization of PA by
limestone has been found to be a slow process requiring about 24 b o1 conipletion, Fig.

the aguin starts Lo inerease [Fig, 3, 17 (13]],

.

‘
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18 1.20 428 &

30 1.00 4.34 i

60 (1K) 0.87 4.34 i
180 Gl 073 4.85
360 (6h) 0.83 555
540 (91) 0.75 567
720 (120) 071 589
1440 (24h)  0.67 6.54

rved irregular behavior of the pHl witly increase inAlie (esidenee time
this stage. The above results indicate thar due 1w e slow
12 1i. Since limestone dissalaion

The reason for the obse
could not be ascertained at
peutralization of PA the water remains aoidic up (o sbout
continues by the acidic waler, the fluoride temoval also continues for lony Liwe sl e 17
cenoval capacity of the limestone. increases. The results also indicate that-a cesideiioe line
of 13 h may be suflicient for an cfficient fluotide removal performance by using PA in the
AELD method but a pH correction is necessary alter treatment which gy be dunt by
further treatment of the acidic treated water in another crushed limestoie ¢oluini or by any

other method.

Comparative Evaluation of the performinee of the four ucids
w.inl Residence tine :
Simple lunestone defluoridation'is fitae consuming process and it requires alniost 20 h of
residence time for effective - removal without adding any chemicnl or passing CO7
through the limestone column. In the present ABLD process it has been possible 4o reduce
the residence time 1o 1 to 3 h with addition of PA and 6 tol2 howilli additicn ol AS, CA
and OA to the F~ water before limestone treatment, Practically, the vesidenee time ol any
water pusification process should be small for reducing the cost of the reannenl process. A
12 h residence time can be practical for an overnight beatient proce.s ol houschold wales
puitication unit. A reduction ol residence fime is possible lu case of tie PA whitee 93.% of
fluoride removal was possible within 1-3 h of teeatmnl (ime with all
concentcations of the acid viz., 0.01, 0.05 and 0.1 M. Thus, {rom the sousiderudn
weatiment lime PA is useful acid for this acid enbanced limeslone delluoriclation process.

expert enla

A Swall Pilot Seale AELD Experiment with PA
Since PA is has shown the best AELD, we have stirted  sinall pilot seale ALE
experiment with PA. The arrangement of the experimental set up is shoswn in Vig 520
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Fig.3.21. Plots of remaining [}/ (m/L) and final pH vs. n after treatment of
10mg/L. F water with crushed limestone pack in presence of 0.01M PA. :
Particle size = 1-2 cm and contact time = 3h 2
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The results of the pilot test show much better fluoride removal than the laboratory study.
Over 50 litre of water has been defluoridated so far per kg of limestone from 10mg to less
than 0.2 mg without any noticeable change in the fluoride removal ability of the limestone.
The final pH is also near neutral. Thus the present small scale pilot test shows that the
AELD with 0.01M PA can be tested in a large scale pilot scheme.
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Fig.3.21. Plots of remaining [F)/ (mg/L) and final pH vs. n after treatment of
l0mgL F water with crushed limestone pack in presence of 0.0IM PA.
Particle size = [-2 cm and contact time = 3h.

The results of the pilot test show much better fluoride removal than the laboratory study
Over 50 litre of water has been defluoridated so far per kg of limestone from 10mg to less
than 0.2 mg without any noticeable change in the fluoride removal ability of the limestone

The final pH is also near neutral. Thus the present small scale pilot test shows that the
AELD with 0.01M PA can be tested in a large scale pilot scheme,
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produced during the course of the reaction, Scanning Flectron Migiodeap) Coimbined
with Energy Dispersive X-ruy Spectioscopy (SEM-EDX) and Oplicul Mictoscopy hing
also been used earlier in ovder to examine the morphological elteeis ol dilferentre Lol
and circumstances on lime material. Therefore, for Mrther verilieation of the preciphintion
and adsorption mechanism of this ABLD process, XRD, FTIR, TAA-DSC, SEM-ERX,
XPS have been applied (o analyze limestone samples before use and ofler use 10 the
weatment process. These analyses also helped in determining (he (ormutlong af wny
hazardous substances in this process and the quality of the limestone With ragpect 0 feuse
afler the treatiment process.

Sataration Index (SI) caleulation

ST of bateh experiment of lintestone defluoridation

A positive saturation index of fluorite, Sy in the water dfter treatment of the acidified
water with crushed: limestone indicates precipitation to control the I removal. The Sl
values for AA have been found within the range o 0,98 1o 1.35-and lor CA the tanis wos
0.7 to 1.27 in the batch experiments (Fig. 3.21).

Figure 3.21, Saturation Index of batch tests perfonmed using
AA and CA forn= 1.

All the values are positive, which indicales precipitation (© conteol the 17 yemoval,
[lowever, adsorption of fluoride from water over valgite imuy also tike place along with

precipitation in the present cuse.

ST of column experiments of limestone defluoridation

The SI values of the column experiments of 0.1 M AA, CA, OA tnd PA enbunced
limestone defluoridation where fluotide has been removed frum 10 o'l inial
concentration using 2-3 mm size limestone is shown in Fig. -3'.22. The SI values were
plotted against the no. of repeated use of the same limf:sumc ehiips, i It czm'bu ubserved
from the figure that, the Sl values starfed with negative Yalue 1or gavivaeid, araduall
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Figure 3.22, Saturation Index of column tes

citrje, oxalic und PA in fived bed colump of2-3 im 312¢ insesione,

wiiich cun b2 atlibuted

[his also explains the gradual increase in the observed S1 withi i,
| deerense 1 the

(o a gradual saturation of the adsorption sites and henct a gradug
adsorption of fluoride on continuous use of the same limesione chips. Thercfore even if
the precipitation of fluorite may take place equally with all n, & pradual destzase b e 1
adsorption of fluorite on limestone is the reason for the obscrved overall decrease in ’
uoride removal with increase in n. Here it can be mentioned that, 1lie dissolution 6f
caleite by the acids may create fresh adsorption sites o the caleile surthce aliowing the
adsorplion process o continue even on continuous nse ol the limestone chips wthough
the adsorption gradually decreases with n. The excoss free Ca™ juns gencrawd by the
dissolution of limestone by the acids combine with the F° prescat in waer ind get
precipitated. The BIS guideline value of Ca*" in drinking water is 75 mg/L (dcsnmblﬁ i
limit) to 200 mg/L (permissible limit). The Ca®* concentration in the neuled waer aas :;“
found to be within the range of 8 mg/L imtially which mcreased to 109 mp/l on wpeated ? !
use of tlie same limestone sample for AA, CA, OA aid PA. Thus tic vilues ol ot
concentration remain within soft ormoderately soft range ol total hiidaess o fwatel, Lhe
inoderate hardness can be removed by simple methods using watey sorteners. Hulwever,
the slight higher Ca*' concentration above the desilable linit may ulsu worl us 4 putesdial
caleium supplement for patients of fluorosis and ostecsporosis.

NID study

Neriy of crudle fiestone and limestone affer nse




I'he )‘(I.(D patterns of crude limestone and limestone after reaction with different cid
conteining fluoridated water have been shown in I'ig.
- . . & = " . = - a4y
3.23(A) that the intensity and the distance between erystal planes of dilfracrion peaks e

in pood agreement with the standard spectrum of the crystalline caleite polymomh of
culeium carbonate,

1.23. It can be seen Jrom Fig.
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Figure 3.23 The XRD spectri of (A) crude limestone and limestone alter use in the columi
experiment with (B) AA, (C) CA, (D) OA and (E) PA.
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vhich are 23° 29.3" (strong), 36.12%,39.5%, 43.57
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2. 110), 2.27 (113),
:«.As)mzcl?\?c(l;j)z ?I"lfe.o)z(l'(?jlg‘;g;ttc‘:i (ol' tlze limestone A_t‘[c" use in"lhc ,l c:)ucuun jh_mf‘s some
sin:ilar type of differences with that recorded betore use [Fig. 3.23 kB.t.,U,.b,] The
Aative intensities of the peaks at 36.12% 39.5%, 43.5° rever'sed.aﬂc‘ use of the luuc?:lux:e
ftlf{llv‘? "lleDS""es da'magc to the respective planes decreasing in the order (1 10) >: (113)
Zld;%a;;n%:lla:::ther hand, the relative intensities of lhc.ljeak.s u}t -l7.?", and 48.5% ;@QA i
w: crsc(.i after use of the limestone wheteas the peak al 47 57 correspuntiiig o planc (108), ==

(e peak a4 8.5° xwhich cortespon s o the = -
is expected to be diminished more than that of the peak & I v
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. o, 20, ‘g e auribute
peak ‘ntensity at 47.3° calt be autibuted to

(Cal2) which give
surlhee
¢ ol ucid, ads.
the limestoae. Lhe aliove

plane (116). The increase in the relati\./e
diffraction from the plane (202) of fluorte
This indicates formation of fluorite on the l[imestone
Ca*" produced by dissolution of limesione in prcs.cn;
limestone or due to penctration by fluoride sllgl'nly mto
variations in the XRD pattern however do not indicate vcf'
Jimestone after use for the defuoridation. The extent ol the che e '
intensitics is more in the case of the lincstone used with AA than (hat used with CA it
equal exposure to the acidic fluoride solutions. This indicates greuter mocphological
effect of AA than that of CA on the limestone. In casc of OA and PA e :u.‘cn‘. ol the
peuak at 47.5° corresponding 1o (202) plane of fluoride has been observed with a litde
higlier inteusity in comparison 10 the peaks observed when limestoine AT usud_ with A
and CA. This observation reveals that the precipilulion ol Huorite miy be more Hycise ol
OA and PA, due to which the intensity of the peak al 47.5" became highee. Thus, it
indicates higher morphelogical effect on the limestone wlien treated with OA and A

g rise 1o i strang ineasity.
due to the reuction of lree

‘.'pl‘Ul‘l or' o e on

y signilicunt changes o the

nges in the relutive

NRD of the other products produced in the reaction of lintestone with 1= watél

In general limestone (CaCOs) reacts with acid to give free Ca*t and COz. In presence of
AA (CH;COOH), CA (H3CeHsO1), OA (H;C>04) and PA (H3POy) limesione oives free
Ca®™ and there is formation of the respccli\}c calcium salls ol the ~acids, due o
dissociation of the acids following the equations:

CaCO; > Ca*" + COT (3.7)
CH;COOH + H,0 <> CH;CO0" + H30" (3.8)
H3ClHsO7 + H0 © CgHsta.) + 31‘130+ (3:9)
H,C504 + H0 > €047 + 2H;0” (3.10)
H;PO, + H20 €3 PO + 3H30° . g & (3:11)

The XRD spectra and structure of the salts and the respueclive peak pusi.l'lmls liive besn ™
presented in Fig. 3.24,3.25 and Table 3.15, respectively. -'
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Figure 3.24. XRD spectra of the salts produced after the reaction of Jinestore witl) ncid :
added fluoride water (A) calcium acetate, (B) calcium citrte, (C) calcium oxalule and T
" (D) calcium phosphate hydrate (HAP). - ,‘
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Calcium acetafe: When the experiment was performed in presence of AA; no \\'hiiq?f
coloured precipitates of calcium acelale was observed in the colump because calcium
acetate is soluble in water. However, during the fillration of the efilucnt water from the.
column, some white coloured crystals were observed in the side of the filter puper in case .
_ of AA. These crystals were separated from the filter paper and analyzed with XRD, The =~ -
main peaks were found at 10.72°, 14.51% 23.45°, and 25.95" of 20 value. The spectraare
shown in Fig. 3.24 (A) which resembles with ICDD data number JCPDF-190199 and.

with literature for the XRD of calcium acetate, o
Culeinm citrate: Tn the experiments with CA and OA, some while powdery preci
were found in the column, Those white precipitates weie separated from the surfa
tie limestone particles and analyzed in XRD. The XRD. patterns.
substance obtained during defluoridation in the presence of C ¢
~in Fig. 3.24, which is similar to the XRD spectra of laboratory
" indicates the powdered compound produced on the surface 0
citrate. The observed formation of the precipi
surface may- block further reaction of
morphological change of the limestone _.mm_
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as indicated by the XRDs, may be attributed 10 inhibiton of limeslone degradation by %

precipitates of caleiwm citrate,

N . shi N «d pvow
Calcium oxalate: In the same way the W hite coloured powe l l |
ssed limestone surface of the OA experiment. [he white powder produced in the coluan

] 3 ; el izt TOA by limesione, The

chould be caleium oxalate formed as a pesult ol peutrahizition of C ] > 3 e e

0 99.02¢ 2994, 30,9 wiel 38.2° for tige
P i e=d

lers were separtted 1rom the

major peak positions were found ut 14.83% 24.42
wespective plans (100), (040), (200), (122), (223) and (061). The XL ol the powder
shows good agreement with the diffraction data of calcium oxalate JCPDE-T71160 |Fig,
3.24 (O)).
Calciwm phosphute hydroxide (HAP): The solid aller treatment with PA has beeén
collected from the bottom of the column and analyzed in XRD. In this expeLhinent,
formation of calcium phosphate and HAP is expected. The spectia of the solid bblainad
after treatment [Fig. 3.24 (D)] shows a clear evidence ol the formation Ji° Lalcium
phosphate hiydrate (HAP) i the limesione column after reaction of the lunesioic with PA
containing fluoride solutions. In this specinun, presence of limesione residue at 29.5°
with strong intensity and formation of FAP has also been detected. The miin peak
positions -of spectra were found at 21.55% 31.95% 35.6°, 40.1° and 50.75" dilltuciion
angles which corresponds to the respective plans (111), (211), (301), (221) und (321) for:
HAP and the penks for the respective crystal planes of FAP have Leen presemed in the
Table 3.15 and Table 3.16 which are according to ICDD datubise nuniber JCPOT-
861199. A prominent peak of limestone was also found at 29.95% f[os (104) plan with two
other peaks at 56.9° and 57.85° for (211) and (122) plan respectively. This sbszivation of
the peaks of limestone and HAP clearly indicates the reason behind the bigh renoval of
Nuoride in comparison (o the other acids, since, botlt limestone and HAP tugether
contribute to precipitate fluoride as Cala and FAP respectively. :
Earlie: it was reported that though fluoride is absorbed by limestone, 1TAP has the &

highest capacity of adsorption of fluoride. Precipitation and adsorption by buth limestone 3
and HAP is taking place in this treatment process. However, (he culciwn NMaoride poaks 2
are not found in this process which may be suppressed due ta the prescace of large
amount of HAP. To analyze the presence of CaF> in the caleium salls, Cals was

separated following a standard procedure and then taken for XRD wnalysis.

XRD of caleium flnoride
In the XRD spectra of limestone after use [Fig. 3.23 (B,C.D.E)] it has been found Gt ol
diffraction angle of 47.5° the peak intensity was increased which can be atwibuted (o
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Figure 3:25. Structures of the salts producad during the reaction
batween limosione and AA, CA, OA i PA.

Table 3.15. The main XRD peok posilions of the solls
produced in the limestone column afler used in the AELD prucess

'
.

AA CA O

10.72° 173 14.83" 71.55" ' b

1.4.51° 23¢ 24,42 31,95 brbee

23.45° 29 5 26,42° 35.6" L~

23.95" 35" 20.94" Wq0;:1Y -2y
qu.5" 36.9° 50.75" '
47" 382"

diffraction from the plane (202) of fluonite (Cal). Howevet, in the XD speeun of the
culcium salts the evidence of prccipi!:‘.lioh of CaFa is not appurent, probably due o
inasking of the signals of small amount of fluorie by those of large exeass of the caleiun
aalts of respective acids. An atiempt was made to sepiivate the fluarite expected 9 e
present with the calcium oxalate precipitates using ¢ standard method. The whate pawder
separated from the limestone surfuces was dissolved in 0.3 M HCHand then difited with
distilled water. The solution was heated in boiling wates bath and allowed o seitle for
overnight. The supernatant solution was collected and it [T concennanon was ieasuned
which showed 0.3 mg fluoride in 40 g of the used crushed limestone chips. The
supernatant solution wos evaporated 10 dryness and the solid residue s wushed with
distilled water and its XRD wos vecorded, The XRD pattesn oF e residue (Fig: 326) o
clenrly resembles with the standard XRD speciruit o culeium aciide wyaitabe in m‘i}i!

literature. i %

_y
3+



limestone samples before and after treatment of the acidilicd fluogide
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Figure 3.26. XRD specirit of CaF; found aller the sep

Table 3.16, The XRD peaks of Cal; antl Cag(PO.):F for the respeciive plaaes,

Caleium Fluoride Caleium Nuuroapitite
28.27° (L 27:35* (021)
47.02° (220) 3125° (112)
55.71° (311) 37.7° (222)
£8.68° (400) 42,7° (131)

459° (231)

Thus, it is evident that in presence of large quantities ol calcium salts culeiuin Huoside
peak intensities were too low to detéct but when separated the peaks wers found sl
reasonuble intensity. The formation of FAP iu the limestone column Juiing the
experiment with PA has been observed fiom the XRD specira of the HAP. In U spectia
of HAP [Fig. 3.24(D)] some peaks have been found whicli matches witl FAP aad tae 20
vilues with respective plans have been given in the Table 3,16, From thie XNRD stud ¢ it is
clear that limestone dissolves in presenice of AA, CA, OA and PA gencrating C :f‘ ons
which subsequently precipitates as calcium acetate, calcium eitrute, caleiuin oxalate,
cualcium phosphate hydrate (HAP), calcium fluoride and PAL.

IR study

FTIR spectra of limestone before and ufter use
The IR spectrum of carbonate minerals show thice promivent absorplion bands in the

regions vy = 1450-1420, vz = 890-870 and vy = 720-700 cnv’’, The 1R speetra ol difterent

coalaiming waler

has been showa in the Fig. 3.27. The main peak positions of the present crude lnesione

sample [Fig 3.27 (A)] bave been estimated ar 1429, §75 and 711 e’y pes Al
which are consistent with that of refercnee CaCoy%, An ey thd ‘.“l't:si-’s.‘:'. \ =~).
peak may be due to the erystal field effects?™ A comparison of -oul‘;: Amhg et
crude limestone with the ealcite standard infrared spectryiy indica .: I SR SHNI-OU S
of the limestone sample fo be high pujity calcite, The I spectr S almci) Souciuge

2 5 . A 'IUL‘[I; SN LV ot »
sumples after separation from the precipitate formad on e nesie

the surfice ae almost ¢oaticul

| e
2

-
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with that of the i af -
Rt O stestciiing fretue o sSione ICW.\ml It can be ob':sur*.'c(l from the Il -.‘«Ll
from 3350-3450 c;i"l.;g-“mcy ® ”Ppmc"" in all the spectra of used limestons panging
ig. 3.27 (B,C,D,E); Table 3.17). For used limestone, walcr Ky
pcncl‘rutc }u the core of the pmticles and even alter diying some portion of inoisture
remained in the used limestone. In the IR speetra of the |;rcci.pumc:.
the presence of O-H stretching frequency may be due (0 |\Vgl'C.vSL2U]HC
substances, The band near 1430 cm™ in parent limestone lclﬂm.ll':'. al the sur
(e used limestone which is characteristic position of carbonate minerals.

of the caleium salts,
pawure of the

e posiuon n

;
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Figure 3.27. Characteristic 1R spectra of the (A) ;md‘c lintestone and (3) limestone

after use with AA, (C) CA, (D) OA and (E) PA.

The IR spectra of tre products produced during U IS process
Iy these treatment processes of limestone defluoriation the formaticn ol caleiwn salts of

the acids were also evident from the IR data obtuined from the samples of laestong. As
described in the XRD analysis the limestone salt samples were cullected and their IR

spectra are shown in Fi
two small bands near 3

g. 3.28. Presence of O-H group in all the specua is evident and
spectra of caleium acetats, caletum
-

000 ¢m” can be seen in the

citrate and calcium oxalate whic

h is due to C-H s

trotching. However this band is n'Oi‘..

&
d after the reaction ol limestone with PA contgining 'g
and OA containing [luoride water, limesione fonns -
is indicawd by the Lunds ut 1009 89,
' 0-C-0 bunda and e bands at

3G

observed in the spectra of HAP forme

After reaction with AA, CA
ylic acids, which

{isymmetric stretehing ol

flucride. .
corresponding salts of carbox
1615.50 and 1619 cm™ for the an



of the carbosylaie

1446.89, 1434.90 and 1378.12 cm” for the symmeltic stretching of the car
groups of calcium acetate, caleium citrate and calcium oxalate rc:‘pc-n?ciy ; Che
lugher observed frequencies compared to thal of the fee COU iadieute the e
character of metal —COQ’ coordinate bond which is also thed
the spectrn of carboxylate salts the carbonyl stietching Irequenc
value found for the parent carboxylic acid becausc the 0-C-O Lond posscsses e

Ry 7
single-bond character due to re.c.on:mccJu 2

retically proved esilier™, In
y s loweie lrom (he

% Transmittance
>
8
=

4000 3200 3000 2500 2000 1500 1000 500
Wavenumber (cnt)

Figure 3.28. Characteristic IR spectrn of the precipitaies [oimed inile
limestone column (A) calcium sicetate, (B) calcivm citrate, (C) ciletn
oxalate-and (D) calcium phosphate hydrute (HAP).

Ca-O interaction was observed in the IR of calcium oxalate showing bund in the finger
A . K -1 . ey i : X
print region at 517.75 em’'. The IR frequencics of (he preeipitate oblained with AA, CA
1nd OA have been found to be similar to the reported IR of calcivn acetute, IR of,

»

laboratory grade calcium citrate and caleium oxalate indicating the precipitates © be
culcium citrate, calcium acetate and calclum oxalate respactively. The infiured spectin
product after the reaction of limestone with PA conlaining Tuoiile wat s Lecn
in Fig. 3.28 (D). This spectrum is somewhat dilfercnt lrony the 1R speetn ol odiet

ufthe
shown

(a-salls. i :
The fundamental frequencies of the PO group have been oliserved at 96U. 15 and

1034.98 em . The vibraltion of the P-OH group has been assigned to 4 low intersity ban!
erved at 957.21 con . The overlapping of the stretching vibrations of stiucturil OH

obs
y adserbed water leads to a broad band at 3481.96 em* yhich is supported

and 'physicall
by
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Table 317, Charncteristic IR dato (wavenumbers, em "Yoftue
precipitates formerd in the limestone column,

Precipitate fornied

.Cru‘;lc . Precipitate formed Precipitate formed
Linstone with AA with CA with OA
3378.27 344730 s L
(O-H strerching) (O-H stretching) (O-11 stietehing)
}“’19.23 1609.89 1615.50 (usymmetric {6194 | [asyminetic
{(msymmetric  (dsymmetric streliching of O-C-Q) stretching of 0-C-0)
stretching of stretching of 0-C-0)
0-C-0)
1032:65 1446.89 1434.90 1378.12
(syminsetric  (symmetrie stretching  (symmelric streiching (symmatic streteling
stretehing of  of 0-C-0) of O-C-0) of O-C-0)
0-C-0)
; 949.69 1078.59 1631.74
{stretching of C-C) (out of planc sretehing (out ufplane
of C-H) stratching of C-11T)
857.44 671.09 €39.74 (bending out of 662.96
(asymmelric (symumetric bwisting plane C-H) (symmetric twisting
COy ond and
defuemation) recking of the 0-C-0) rocking of the O-C-01
71194 620.50 605.56 51725 em’'

(symmetric
L0y
deformation)

(cut-of-plane
stretching vibrations
of the O-C-0)

(out-of-plane steeiching  Ca-0 nieracnon

vibrations of the G—C—

O)

Progipitiee
formed with
P

sl 17

(O-1Ldeiching)

161852 L’
bending
vibrations dl

waler

112258
P srrcteliig

102498
PO shistching

95721
P-(OLL
stiateliiig

567 Cii !
".O.;“.' berding

a low intensity band at 164
adsorbed water. The band observe
unt of caleium carbonate. To lower freqt
and at 1032 e (v3) and the |
3.28 (D) indicates the formation of calcium

very small amo
PO, ion can be found: the intense b
567 cun’ (v4). Thus, the [R spectrum in Fig.

phosphate hydrate (HAP).

TGA analysis

TGA analysis of the limes
precipitates obtained after
OA and PA has been carrie
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1mes which indicates Ui sturting of
From 600-700 °C there is a relatively sharper mass loss. W hich inc ¢

degradation of CaCOs. : AR
- ’ e H » allc e WL 2585, =
Used Limestone: The TGA oblained for imestone aflcr use Wi . N C t sl
. : ~ . "":,.'J'.. A

[Fig. 3.29 (B,C,D.E)] are ulmost identical with that obtaincd before usc, pis
St : e to the decompbsinon ol
mass loss in the range of 471-474°C range. Ihis may be due to the GecombEEtn i
some of the calcium salt remained with the limestone afier treatment

Calcium ucetate: In the TGA curve of the precipitate obtained afer lunestons l’u-:'un-.\. :1:
using AA [Fig 3.30 (A)], three significint mass losses have been obseived at 1207, 402

and 596 °C. The mass loss at 120 °C can be attiibuted o Syaporation gl vaiter moleeule
followed by loss of carbon dioxide at 402 °C and finully loss 0 COs 1o lonn stuble
calcium oxide at 596 °C***, Thus the curve corrésponds to caleium acetite tonnud by
combination of acetate ion and calcium 1ons dissolved from limestone.

Calcina citrate: In the TGA curve of the precipitate oblained aller Hmestone reanicnl
using CA [Fig. 3.30 (B)] two significant mass losses have been observed ut 128 and 430
°C. The endothermic peak at 128 °C is due 10 the removal of water molecule: present
at 450 °C way be due 1o:1he

CA. OA und PA

within the calcium citrate powder. The sharp mass loss
decomposition of calcium citrate. The decomposition patter also resembles wath the
TGA curve of pure calcium citrate indicating the precipitute to/be f calcium citrate.
Calcinm oxalate: The curve of the calcium oxalate gives three reaction sicps wilh
increase in lemperature as shown in Fig. 3.30 (C).

CaCa04.H20 (s) — CaC04(s) + Ha0 (g) (3.12)
CaC304 (s) — CaCO;(s) + CO (g) (3:13)
CaCO; (s) — Ca0 (5) +CO; (g) (5.14)

The three steps of weight loss can be seen in the curve al 172 °C, 476 “C and 660 "C
which can be attributed to the release of water moleeule, carbon monoxide and carbon ‘
dioxide, respectively, as shown in Eq. 3.12-3.14. The weight loss at 47« "C lroi e used
limestone can also be attributed to loss of carbon monoxide.



Figure 3.29, Characteristic TGA curves of the (A) crude limestone gud linestone
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Table 3. 18, Decomposition temperntures of the crudy limestone and
[imestone lter use and the salts produced i the [fniestone eolimi.

Name Muss loss temperylure Assiguent
Linestone (before  Slow decomposition 172 °C Becnise of some \mpuirity in
use) onwanrds: the Il nestone
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Figure 3.30. TGA curves of the respective caleivm salts of the neids produced
in the limestone column (A) Calcium geetaie (B) Caleium eirnte (C) 3
Calclum oxalate (D) Caleium phosphate hydiate (HAT) et
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XPS Study . ‘

Precipitation of calcium fluoride And other salts in this experiment hes been contiomed
(fom saturation index calculation and from XRD, FTIR and TGA analysis of the
L. > g wumi s adsorption of fluoride in the limeswone
limestone before and after use. To exumine ll'l.u adsorp . ot
surlace. XPS study has been carried out with limestone samples belore and atler use. In %
addition to flueride, adsorption of carbon and phosphorous on the limestone surface i+

T
also possible during {his experiment, since, the AA, CA and OA contain € snd PA &
contains P as primary element. Therefore,

XPS study was ulso carried out (or Uwse Lwo
clements. The results of these analyses have been pmseme:l in l;‘ig. 331 3..32. 333

Fluorine. XPS of limestane chip surfuces before use [Kig 331 (A)]q didkmat sho e
préscnce of any F, whereas those of lh? lhm_sloue.‘:‘hlps rf\‘ﬂ_l‘«lcd ufler s 10;
defluoridation with all the acids showed significant m“"ls‘““ f‘_‘ binding \g“gu.\f \iulmjs’ ef
585.6 and 6842 eV, respectively, corresponding £ Pels [Flg. 331 BLDRNINE

82



fumng the

‘e . » e - limestone chip surinces
suggests siguificunt adsorption of I' O {he limesiC T precipitaticts is il
~ oLy o (¢ wigh P 14 L LAY | A=
defluoridation with the acids, Thus, the XPS confiftns llu... i 14}';( s S
1 - e acn udsor wi o Fron e o SiHaLs
main mechanism of F removal in {he present Ciss adsorpion o
uriace

KPS of limesione chip
cant varialions indicating
e clip surlhces

.lso contribute to the F removal.
Cuarbon. The intensities for the ped
Lbefore use and after use with AA, CA an
1 with the enviromnent other than th :
afler use with all acids [Lig. 3.32 (A,B,C,D)]: The obsel ved relative -
peaks for C-Is of the limestone Sl faces at 284.0, 2864 and 23923
68.4:12.0:19.6 (before use), 52.7-18.8:28.5 (alter use with AA), 41 @73 THMALC RS
with CA) and 45.9: 19.3: 34.8 (after use with OA). The observed varation i .
areqs can be attributed to adsorption of acetalc, citrate tnd oxalate on L aesione vlap
surlaces alter use with AA, CA and OA. respectively. The ac [ acetale, citiate
and oxalate ions may block the sites for the reaction betsyeen b
limestone chip surfaces; this miay be responsible for the observed de
removal with number of repeated use ol the same limestone,
Phosphorous. In the fine particles of limestone produced dur
containing I~ water and limestone chips the presence of P has bee
which is in the Fig. 3.33 (A,B). In the crude limestone the presenee &
detected. In the limestone after use the existence of 2peleciion ol P was deteetzd at 134.0
and 135.7 eV of binding energy value with relative percentage ol iiren of 88,3 and 1.7
respectively. The existence of P in the limesione afler use supporis thic inLbImanon
obtained from the XRD, FTIR, and TGA analysis about the fornunion HAR. AP
possesses high capacity of fluoride removal wiich has been reflected in ie 1esulls vl toe
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Figure 3.31. XPS spectra (A) crude limestone and the liniestane alter used in the
experiment with (B) AA, (C) CA, (D) OA and (E) PA for F-15 elecuon.
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Figure 3.33. XPS speetra (A) crude limestone and the limestone after used
in the experiment with (B) PA for P-2p electron.

SEM-EDX study

-
e

o b"

SEM micrographs of the limestone samples before and afler use with AA, CA, OA aml',

2 >1¢’

PA containing fluoridated water have been taken to see the surface morphology Lh'mgcf' -
To quantify the elements present in the limestone surface Energy Dispersive X-ray
Spectroscopy or EDX has been used slong with SEM analysis. The SEM-EDX of the:
crucle limestone has been presented in the Fig. 3.34.

Figure 3.34. SEM-EDX spectra ol crude limestone.

Luncstonc particle size of 2-3 mm has been selecied for all the column experlmmt? B, -
perlonn‘.d and along with these particles lots of limestone powders of difterent sizes also o

present which can be observed trom the SEM imicrograph. Although 2-3 ram size
particles are better for precipitation of ', for adsorprion smaller size particles give large
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Flye crude Himestone shows
X G ot e L ctrim of the erude Qi 3
surface area giving better efficiency. The EDX spe

different elemental composition present in the natur
been given in the Table 3.19. During the weaction batweeh 745 = © 10 0
containing fluoridated water with limestone, ditferent salL\" ol )Ilw weids b bLU 1". ] t:.J
within the limestone column which has been analysed 11 XRD, FEIR, |u.’. i “:,._»:,
were detecled as calcium acetate, citrate, oxalate and P“C’SPI‘-"‘S‘ l"y‘l"“”‘““ Lhe Mfl"“ 24
EDX speetra of these salts (Fig. 3.35) clearly show the degradanior ol l”"?':m} A:’:"““’ .
forming salts on limestone surface. From the ligure it cun be seen that e cach ~‘~‘_“ a
minimum percenlage of fuoride is present which may be due Ia') AL e V“‘-Ic
amount fluoride in that very point where EDX was taken. This suggests sigrilizant
adsorpticn of I or presence of precipitled calcium fuoride, . ‘

In order to examine the elemental composition vf the salts ELDX was iaken und the
atomic percentage has been given n the Table 3.19. Fron these values une r;i.:x note qm
the amount of Ca has decreased which is due to dissolution of limestone nfice reiction
with the acidic fluoride water, which is confirmed by gopresponding mercase 1 the
amount of Ca in the treated water. The table shows that (he percentise weighs of ¢arbon
has increased in case of the use of AA, CA and QA because of the preeipilation ol the
acids as their respective calciuny salts.

al crysialline-limesiane winel have
TRV iy O8 ’,,J\. ')'\ S ul _)‘,\

Tubje. 3.19. Elemental percentage obtamed from EDX of erud: timestaneand d flevent cuiciim
salts produced from the reaction between the limestone and acidie fluuride selution:

Eleinent/ X-rny  Atomic%  Atomic%  Atomic%  Atonic% Alontic%e  Alowic%

Shell El’lc\r,g)) (before)  (ealeinm (ealcium  (caleivm  (hydvoxy- (Caidy) ' ':m
~ (I e y o i : i
ncetace) _c.lum) oxule) SAiD ':4:3;
Cu/Ku  3.6905 14.06 510 “7.68 6.57 Y E
C/Ku 0.2774 1984 20.65 3336 3125 28 59 0
O/ Ku 0.5249 63.33 56.03 56.67 5731 334K 0
FlRa 0.6768 0 9.81 1.06 2.37 « 462 6317
"Mp/Ka 12536 075 1.29 027 0.34 0.92 0
Si/Ka 17398 1.23 6.52 0.96 141 5.87 344 .
P/Ka 20138 0 0 0 0 184 0 | {

[n the limestone aller use with AA [Fig. 3.35 (A)]. the ebservec |pl_,‘-,} }.,-5:; Uj'[;}é';
while grains can be attributed to formation of fuorite, The wppesring . af vhite colours: |
it the edges of the particles in the SEM micrographs [Fig. 3.35 (13)1 o the liawsione
sample ofier use may be atiribuled to the calcium citiate crystais Lomyed (cring the
process: The needle like erystal structure of ealeium oxalute [Fig. 3 "'r',"-‘u) Il bists heeny 4
obtuined from the SEM micrograph of the white powdzer produced in | i GOl v .4" 2
OA was used for the experiment, Presince of P was obscived in the imestod. e«
oblained in the column after the experiment carricd oul with PA |Fa. 53"';.-.-'/,3], '[7lic:;";2§"
amount of oxygen remains almost same probably due w ile préseict ofc #£4G l-‘xhph‘g»}iﬁ“
the crude limestone as well as in the acid. Althougli Mg aud Si W At i :S;,m-wﬁ ok
quantities in the unused limestone, in case of limestone used with AA. i : g

. FEa AP o 2, the alamie
peicent of these two elements dre quite high, This may Lie due 10 dis Jladl ol caleiund
ol B

£ ot =
/ (bl




Lilr‘b‘omlc nfllh.c surface leaving Si and Mg fo inerease. Anothier possibility is that in the

particular position where EDX has been taken, the perc L ] b o AfetHe SRV

be high. e , the percentage of these (wo eleinents mdy

he |1 3 .

o Ry -Hm:. 1S can be mlnbuled.lu adsorption of the t..".l.:‘ClLIIl"l ";m:n; 5:}“
: estone particles suppressing the percentage ol St and Mg on the

surface. Thus the SEM and EDX datu obtained from the experiments reveul that fluoride

has been precipitated as well as adsorbed on the surface of the limesione.

_ The SEM and EDX were recorded also for the same sample, extracied from (ne
precipitate produced in the columa with all the acids, which has be:n used (o [age XRD
spectrum for detection of Cally (Section 3.5.2.3.) The SEM and the EDX of this exliact
has been shown in Fig, 3.36, which shows different size of the particles stacked togetier.
The EDX indicates the presence of fluoride in the extracted sample. However, the amount
ol fluoride formed is too small compared to the quantity of used limesione.

Summary of the mechanism of deflugridation with the fowr acidsin (e ABLD

« The mechanism of this fluoride removal technique with limestons 1 piesence of AA,

CA, OA and PA containing fluoride water has been evaluated from the caleilation of

saturation index (SI) of fluorite and from the analysis of the limestone particles by
XRD. FTIR, TGA, XPS & SEM-EDX before and after usc.

« SI calculation indicates that initially the fluoride removal was dominated by ndsorption
of flucride on the surfuce of the fresh limestone and afier the use of the limestons for 2-
4 times the adsorption sites were saturated and precipitation of Caky becume the
principal mechanism of the process.

« XRD study point outs the high purity of the fresh limestone. It presence of the zeids

limestone precipitates as the respective salts of the acid und Huoride removal occnrs via®

precipitation of CaFa. The XRD specira of caleium salts and CaFs were in accordance
with the literature. XRD analysis of the limestone before and afier use also indicates

that there is a little morphological effect of the acids on the
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Figure 3.35. SEM-EDX spectia of culeium sults prodyced in the linwstone calumii(A)
calcium acetate, (13) calcium gitrate, (C) calchnm osikite and (D) L, s

Figure 3.36. SEM-EDX spectrn of caleiunm Huguide abuiied hon the 1 esioe

powder produeed i the coluimi aller tganmeat,

oy

-



> § fllve= sins intact
limestone and only the surfuce part of the limestone was degrided, the innet part remsins

and limestone is reusable after the experiment.

« FTIR spectra of the fresh and used limestone revenl the limestone for
of the neids and the limestone retains its origina! quality andl peuse ol the lime
possible.

« TGA analysis of the limestone belore and after use also supp
obtained from XRD and FTIR analysis.

« XPS study gives the information on the adsorption ol fluoride
limestone particles obtained after treatment. Adsorption of carbou W
surface of the used limestone which indicates the formation of the c&
of the respective acid viz, AA, CA and OA and gradual decrense
removal capacity of the limestone in this cases ruy be du to the adsorprion ol the tHEsE

1S lc';p;c'.i\ ¢ sails
staie 8

aily the inferaaion

on (he surface of the
s ulso found on tie
boxylic acid calts
ol the uoride

acids salts. In case of the limestone used with PA adsorption of phospRorous Wity lound r8hc
and since calcium phosphate hydroxide (HAP) itsellis o better thoride sca\‘cﬂgﬁr"hf‘“,'_:,._ -
limestone the removal capacity of the limestone increases (o high extentin thigcasci o« G788

« From SEM-EDX analysis it was found that ihe surface part limestone has degraded for =
~ precipitation of fluoride and salts of respective acids. ‘The EDX of the limestone and the
salts of the acids formed in the limestone column indicate’the atomic perceBiiee of the
elements present. -
« All these analysis point outs that, while both precipitation and adsorption gontibuts Lo
the fluoride removal, a rapid precipitation is the nigjor mechanism of the removiil.
. TFluoride removal capacity of limestone has been increased to-a liigh lavel by the use of
PA in comparison to AA, CA and OA. '
e Residence time of the water in the limestone column'is lowest in-case of PA. [t needs 1= 8
1 4 of freatment time while the other acids need 6-12 1y for effective Hvoride removal. |
« Reuse of the limestone is possible as it has been observed that the quality of the

limestone remains ntact after the ireatment process from the XR1), FTIIE TGA, XPS 7z
and SEM-EDX study. | e

¢ There are no heavy metals present in the treated waler, only Fe and Mn has ‘b,‘ce‘u";‘;
increased slightly which can beremoved by using simple plant ash {reatment. - o
o The overall treatment cost of the water is also very low due fo (he low bﬁc‘e of the:
chemicals and limestone, which makes the AELD process with the four acic m
for rural applications. : R S
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limestone and onl
and i St the surface part of the limestone was degraded, the inner part reakiins intact
imestone is reusable after the expériment.

mllfcs:\):;;:‘nzg ‘:’:eﬁl';f:: :tl;d used !imcfsloru? rf:vcal lhc‘ limeslone !'Ul’m's lcugcuu-.c salfs

: stone retains its original quality und rease of the linestone is

possible.

o TGA analysis of the limestone before and after use also supports (he information
obtained from XRD and FTIR analysis

he XP S study gives the information on the adsorption ol flucride on (he surface of the
limestone particles obtained after treatment. Adsorption of carbon was also found on the
surface of the used limestone which indicates the formation of the carboxylic acid salts
of the respective acid viz, AA; CA and OA and gradual decrease of the tiuoride

- removal eapacity of the limestone in this cases may be due o the adsorption ol the these

acids salts. In case of the limestone used with PA adsorption of phasphoraus wis found .
and since caleium phosphate hydroxide (HAP) itselFis a betier [uoride scivenzce than
limestone the removal capacity of the limestone increases (o high exiemt in this case. .f'--;_'

« From SEM-EDX analysis it was found that the surface part limestone has degraded for

precipitation of fluoride and salts of respective acids. The EDX of the limestore und the

salts of the acids formed in the limestone column indicate the atomic percentage ol the

5] ! ‘b: »
REaOLET

_ elements present, :
"« All these analysis point outs that, while both precipitation and adsuerption contibute to
the fluoride removal, a rapid precipitation is the major mechanistn of the removal.
e Tluoride removal capacity of limestone has been increased 10 a high level by the usc of
PA in comparison to AA, CA and OA.
« Residence time of the water in the limestone column is lowest incase of PA- It needs 1=
3 h of treatment time while the other acids need 6-12 h for etfective fluoride remaoval.
. ¢ Reuse of the limestone is possible as'it has been observed thut the quality of the
Jimestone remains intact after the treatment process from the XRD, FUIR, TG4, XPS ~ ©
and SEM-EDX study. ; : : 4t
¢ There are no heayy metals present in the treated waler, only’ Fe and Mn has beén S5
increased slightly which can be removed by using simple plant ash {reatment. =
¢ The overall treatment cost of the water is also very low due to the low prics |
chemicals and limestone, which makes the ABLD process with the tbumoig_lf's_m
for rural applications. 3 \ :
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fntevinedinte ubjeetive 2:

<

Treatment of Used Limestone for Rewse:

Aualpsis of the limestone sample before und affer ise ,
To evaluate the exact mechanism of the limestone deflucndaue gt
dilferent acid the limestone samples belore use and after use in the reatinent process ‘“'3‘
been analysed using different analytical tools. The eficet of these actds on the \;11.11.[;..1 of
the limestone during the AELD process has been studied 1o evaluate the 1eus;\t>.ls?). ol the
limestone. The reaction products that formed during the AELD process have aiso Leen
analyzed. The analytical techniques that have been used for detail study ol the morphuiosy
of the limestone before and afler use are XRD, FTIR, TGA, SEM-EDX and X%

0 Process i prescnce of

Study of the precipitution of fluoride

To find out the presence of tluoride the preeipitate formed in the lin@atone coiun feactor,
the powder produced in the limestone surface has been separated and dissclved in 1.5 M
HCL. After dilution of that solution by distilled water they were Leuted i boiling water
bath and allowed to settle for overuight. The supernatant liguid was collecied and 17
concentration was measured with fluoride ion selective clectrode usiag an ion meter.

Comparative Evaluation of the performance of the four acids

w.r.t. Reuse of limestone

The limestone used in these experiments have been analyzed by applying Jiffcrent
analytical tools and it was observed that the limestone retains its original quality, suly the
surface part of the limestone degraded. During the I removal process the surluce of the

particles is dissclved forming respective calcium salts except for PA, I'hie salts produced 1

the limestone column can be separated. To reuse the limestone for deflugridation geain the
surface of the used limestone has been washed thoroughly and tcain applicd for
delluoridation purpose using the same technique. It has been found that the limesion: il
lias the capacity of removing fluoride from the water; however. the removal capacity bus
been decreased than the fresh limestone to some extent..

/1
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fytermedinte Objective 3.

Examination of Quality, e.g., pH and other contantinans of treared Wi vt v HS

potability. Rentoval of Colour if appears it the treatetl waier:

Fipal pH in batch test with A4

The pH values of the treated water have been shown in Fig. 3.1 for n
Table 3.1 forn = 1-5, The pH of the influent fluoride solution comes, it
amount of AA (0.2 M) added in this experiment. An interesting observation of this bueh

lest is that the pH of the effluent water has been found in the penttral runge, The final pH

ol the treated water was found to be in between 7.0 to 5.7 for waler pre-acidified with AA,

as shown in Fig. 3.1 and Table 3.1. The slightly lower values of pil can be brought 10 Ehe £
acceptable range for drinking by passing the water through anather limestone columin f.l(cr
this treatment™ . The final pH may also be maintaincd within (he acceptable linut Dy 2o
optimization of the process parumeters. Thus, the present method also has ain advaniage
over use of MgO or Ca0 for defluoridation needing subsequent pll correcion by udding
more chemicals®® 5. 1 can be mentioned here that no odor ol vinegar Wis obszrved in
e reated \water which can be attributed to the neutralization of thia AA bythe lunestone.
Oceurrence of precipitation of CaF; ia the experiment can be proved by caleulation of
saturation index from the concentration of Ca* und F~ in the treated water which hus been
elaborated in the section 3.5.

={, 3Jand 3 il 1n
3 275 it the highest

.0
B

'

Final pH in Column Test with AA -
The initial pH values of the 0.03, 0.06 and 0.1 M AA contuining flueride water were 345,
3.00 and 2.89, respectively. After imestone treatment the variations in pldi.of the water
with 1 are also shown in Fig. 3.4 and Table 3:2. The pH of e treated water was found to
be in the range 6.0-7.5 with all three concentrations of the acid with Limestone chip size of
9.3 mm indicating complete neutralization of the acids by limestone. Nevertheless, the
lower limit of the acceptable range of pH of drinking water, can be casily adjusied as «:—;:_'-r,
desired by simple techniques, such as treatment with plant ash or repenting l'imcstoné_;’jsi‘::f :
filtration witliout acid, The final pH range can be attributed to the: remuining COxr o Te
H,CO; in the water produced in the neutralization reaction (3.1):
1 CaCO; +2BH, — n Ca®* +2Bn + H,0 + CO; (3.1

wheie BH, and B, are the acid and its conjugate base. Evolution of CO, o the
limestone in the reactors was observed on addition of the pre-aciditied I solytions,

Final pIl in Bateh Test with CA
It has been observed from the batch tests with crushed liniestone and' added CA that the

pH of the effluent water after the treatment comes: (o the near neuteal range, The fnal pH '

of the treated water was found in between 7.0 10 6.2 as showit in Fig, 3.8 aud Table 3.4, : 1
The slightly lower values of pH can be brought ta tlic aceeptable rage for drinking L8l
within 6.5-8.0, by passing the water through another limestone column aller this
\eatment. The final pH may also be maintained within the aceeptable limin by
optimization of the process parameters. Thus, the preseit method with CA 450 has an




adventage over use of MO or Ca0 for defluoridation needing subsequent pH corecion

by adding more chemicals.

Final pH in Colwmmn Test with CA N el

The initial pH of the 0.01, 0.05 and 0.1 M CA containing [uoride walcr Was 2,61, 219 .
and 2.06 respectively. The pH of the efiluent watcr from limestone filtration has beey
plotted in the Fig. 3.10 and given in the Table 3.5. During (le ceaeiion between linestone
and acidic fluoride solution, the acid has been neutralized and the ool pl of the treated
water was found to be in the range 6.2-7.7 with all thice concenlraiions of the acid (Eq
3.2). Nevertheless, the lower limit of the acceplable range of pH ol drinking waler. cin
also be casily adjusted as desired by simple techniques, such as treatment with plant Hyh™
or repeating limestone filtration without qcid® The near veutral linal of pH ol e waler
afier this treatment process is an advantage of the method.

ICHs0; + 3CaC0; = 3Ca’" +2C¢HsO7> +3C0O, + 3H0 (3:2)

Final pH in AELD with O/

The initial pH of the 0.01, 0.05 and 0.1 M OA containing flaviide waier was 2,10,
1.58 and 1.36 respectively. The final pIT of the treated water i the presCil Cases vils feund
1o be in the range 6.5 1o 7.3 with all thiee concentrations ol the acitly (Lig.3.15, 5.16 &
Tuble 3.7, 3.8). This indicates complete neutralization of the OA by [intestane us wWas
observed previously with AA and CA (Secion 3.1 and 3.2) whicl follows the” 2

neutralization reaction (3.3). s T4
CaCOs + Cr0:Hy — Ca®" + G075 + 1,0 +CO, T 33) im

Evalution of CO; from the limestone in the reactors was observed o acdition ol the pre-
acidified F~ solutions. It can be seen from Fig. 3.15 that though the icicuse in
concentration of the acid increases the fluoride removal, the variation in the bl weid
concentration has a little effect on the final pH of the treated water. Sunilarly, there was
hardly any difference between the final pH of treated waler collected: after the residence
tinie of 6, 12 and 24 h suggesting that the neutralization of the acid iz rapid. The observed
final pH range which is within the acceptable range for drinking water can Le atibuied (o
the remaining CO, or H,CO3 and Ca*" in the treated water. '

Neutralization of PA afier AELD and pll correction

1t can be observed from all the results of fluoride removal by AELD process swiin PA that
although the fluoride semoval performance ol' the Limestone i pusience o L4 s
impressive, the neutralization of PA requires longer time thon that with the otlicr acids: 1t
niay be due to the formation of HAP aad FAP with low porosily Leciuse of which the
diffusion of the acid in to limestone is slow. When aeid concentiations wvere 0.01 M, 0,05 -
M and 0.1 M the pH of the waler after treatment remuined within the taize o6 §.4-6.6, PTGl v
5 9 and 4.2-4.6. Foy better efficiency off this:process n modevate acid coneenliaian ol 0.05
M maly be suitable with adjustment of the pH alter dulluoridation VL neutrnhzaior way ‘
be done by adding a second crushed limestone coluinn fn sevies with this ol sl by
filtering the water of the first column through the second column witlw addiag seid”. e
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carbonote of the limestone will neutralize the water, The phl iy L e usted Hsing ohick

methods also.

Comparative Evalaution of the performance of (he four nerds
w.slo pil correction

The Nuoride removal perlormance of (he limestone in presence ol
however, neutralization of PA requires (nore time (han the 1esidence e used!
cxperiments viz., 3,6, 9 or 12 h (Fig. 3:17%, Fig. 2.18); The other theee avide neatruhize
cusily and the water after treatinent does nol need! phl correction. 10145 bean ubserye:
in PA experiment with [PA] = 0.1 M, at 3 pH is ardund 4.5 Gven aller 121 68 residenseisy
time the pH of the effluent water remains around 3, howaver, thee temaining “””':“%c
concentation is almost similar after 3 h and 12 h Ciable 3:10). A nadenne .fcld
concentration of 0.05M miay be suitable with adjusimens of the pEl atler a‘:clim-m.‘..\ugxx.
This neutcalization may be done by adding a second crushed: hmesiong colimn SUrCS
with this column and by filtering the water of the [irst colum through ihe second columo

without adding acid. The carbonate of the limestone will nevtralize the water: The primay
also be adjusted using banana ash.

[Py 1S pressive,

11 thesc
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Ejffect of tlie preseice of different anions in thebater in Bagel Test witli A4
Groundwiter and wastewater contain several different anions which meay irlerivie in the
adsorption or precipitation of fluoride during limestone defl uoridalicn. ‘T3 investigate the
interference of co-existing ions, ie, Brr. CI, 0. 50 =, and NO3 " on [Juoride removal,
respective sodium salts have been added in o range ol 100=500 -mg/L. to the lluoride
solution before AELD treatment of the fluoridated water. The effecis of ihe iony have-also
been evaluated by measuring the remaining tluoride afier [iliation. Ihe detenmination of
these jons was carried out by using standard methods. g
r .

.
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Effect of other anions in Colwmn Test witl AA
The drinking water or wastewater containg many different ions which inay influesce the

adsorption or precipitation of flueride by limestone. Therefore, we lave invesivated the
interference of the co-existing anions by adding sodium salis of the wuions,; \iz. sodiu
slis of Br', €I, POy >, SO/, and NO5' fo the wvater alane with the aeids (Fig. 3.7,
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Figure 3.7. Effect of different anions in limes!
10 my/L.

using AA. Initial concentration of fluoride is
s different concentrations, s0 W¢ have selected a
The results of the expeciment bave heen
ions deereases in (he
witly the” -

“The anions may be present in the water ir
range of concentration from 100 to 500 mg/L.
shown in Fig. 3.7. The lowering of the fluoride removal by the an

order phosphate > sulfate > bromide > chlori
. 1182 - .

literature ¥4 _In the presence of the anions also the percerit remaova
in case of 0.1 M AA. Thus we can s

within the range of 90-82 %
acids, the influence is quile sl

anions reduce the limestone defluoridation using the

in Colnn Test with CA

this fluoride removal proce
sodium salts of Br. CF, PO, 807 and NOy o
experiment

Lffect of compeling unions
‘Tle effect of the co-existing anions on
by adding sodium salts of the anions, Viz.
e water along with the acids before lime
liave been shown in Fig. 3.13. In the presence of the anions the

yenains within the range of 90-95 %.

gs has becn ravestigated

stone treatment. The results of the
percent retnoval of Heorde

Amount of anions (mg/L)

Figure 3.13 Effect of different anions in limestone defluoridution
using CA Initial concentration vl uoride is 10 me/L.
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- - 2 * \Fy . “~ M M l. . l:‘
There is a negligible difference in between the percent B removal i qbseaee oF 1S s

: : % 0 2 S A i ¢ un the
to the percent removal in presence of the anions, The inflaence of (he Hifons BY

fluoride removal process decreases in the order phosphate > sulfute > hrumld
nitcate which agrees with literature''™

e ehil ilele >

reuuge

B4 Thus we enn gay thut althovgh the a3

the limestone defluoridation using the acids, the influence is guite small.

Effect of co-existing anions with OA
The interference by co-existing anions was investigated by adding sodium sults
anions, viz., By, CI', PO, SO and NOy 10 10 my/L fluoride solation 10 disultles water
along with 0.1 M OA before the AELD process.
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Figure 3.16, Effect of diffesent anions in limestone defluoridation
using OA, Initial concentration of fluoride |5 10 m/L.
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A concentration range of 100 mg/L to 500 mg/L was chosen for anions. The resulis of the!
experiment have been shown in the Fig. 3.16, which indicates only a slight aradual]
decrease in the removal on increasing the concentration of the auions. Flowever, tae
rewoval of fluoride remains within the range of 95-80 % cven in (the prescace of the
anions. The negative influence -of the anjons on the removil of Muoride, whicl: cun be
attributed to competition of the ions with fluoride for the udsorpiion sites; was fuui to be
in the order: phosphate > sulfate > bromide > chloride > nittate Which agrecs wilh the
literature’**#* 1t may however be noted that the influence of the co-existing ions is only 3
little.

Effcet of co-existing anions in AELD with PA

The effects of some competing anions on the removal of Huoride by the ABLD process
with PA have been presented in Fig. 3.20. [n case of the carlier experiments with AN, CA
and OA, oaly a litle influence of other ions was found where the Righest iteritience was
shown by PO,
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Figure 3.20. Lifect of different competing anions in AELD usine Ca
Initiol concentration of PA and fluoride are 0.1M and 1L g/l respeutively.

In this experiment with PA, PO, is already present in the system which directiy helped 1

the removal of F by forming FAP. All the present AELD experiments with PA were T 0
fTerent = 20

carried out in groundwater which ‘naturally contains the competing 1008 in i s

concentrations although small (Section 2.1.3.). The interference by co-existing unions was

investigated by adding sodium salts of the anions. viz., Br, CI, SO~ and NO;™ in the

concentration range of 100 mg/L to 500 mg/L, to 10 mg/l. Nuorid: solution in distilled

water along with 0.1 M PA before the AELD process. The resull of tis experrient las

been plotted for n = 1. From the experiment on influcnce of competiing 1oas ivis clear thiat

(here is only a small interference by these competing ions o1l the Muoride rexnoval by the

AFLD process with PA. The interference has been found to increase stightly with chaaging
the competing ion in the order: NOy < CI” < Br < SO+ but the fluoride retoval sull
vemains above 90%. The interference by the competing was in (he presence ol PA Lias
been found to be less than that observed in the presence of other ucids Therefure the
AELD method with PA seems to be suitable for application for fluoride remmoval from
oroundwater having considerable concentration of these competing 10058,

Kesiduad oxalate in the treated water in AELD

The WHO does not prescribe any guideline value for oxalate in ddnking water’™, Thes o
present AELD process with OA precipitates calcium oxalate in the limestone columm*
Calcium oxalate dissolves freely in acid but is insoluble al & neutral or alkaline pl-tl“s‘. The’”

pHs of the treated water in the present method haye been found to be in the ranse o 6.5 1o
7.7 (Fig 3.14, Fig. 3.15, Table 3.7). The concentration of oxalatz in the leated water was
determined by titeating azainst KMnO, solution by standard procedure and las beey found
10 be 0.2(£0.02) mM*?. Since higl concentration of Ca** is ulready present e weted
walter, the oxalate present in the treated water has been found to be precipitated Ly slighily
increasing the pH of the solution above 7.0, which can be wchieved by wddiicn o about
0.1 /L NaHCO,*¢**,
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: : : i v meiabelism and
It has been reported that calcium oxalaie forms during v bady meis

deposits in kidneym. Formation of kidney stone, ol which about 80%0 15 calditny Lx2 ‘\le
depends on the oxalate inteke by human. The main sources of digtary Yo el JI».“
seeds and leaves. The oxalate content in some connnonly used foods is 1010 “’f" "““‘5;
higher in comparison to that present in the treated water. Oxalate [roni thes€ sceds .Mkl
leaves is absorbed by colon and small intestine of human body and the ;.:-crccml.n 2e 0
oxalate absorption is only 2-3%. It has alsa been reported thiat exulate dbsorption by ""'”.“‘:_ :
depends on the individual’s metabolism. Thus, from the copsiderations of the Sl“‘.l.lllL_.Sb.Ux :
ihe quantity of remaining oxalate in the treated wuter und the peicontuge = ‘);\;.‘l:.‘w’
absorption by human body, it appears that the possibility ol (he yemaining oxalie '_.".l‘vll'.‘.:‘
renal stone is 100 little. Thus, the water should be potable alter pll adjustment Lo ubout 8
and subsequent filtration. C

Residual phosphate in the water after treatment

~In the AELD process with PA, 0.01, 0.05 and 0.! M acid concentration were added 10 the
water before filtration through the limestone colunm. Certainly, slier ihe treatniil ..u.‘J-.'cS
the phosphate level of the water should increase. The phosphate concentation in tie
wedated water was deterniined using standard method of estimaton aad (he concentrations
wete found to depend on the amount added to the water before filtration. With 0:01. U205
and 0.1 M PA, phosphate was within 4.2-5.5, 5.4-6.3 and 6.8-8.0 mg/L. range.

The pH of the treated water remains acidic in nature as can be observed ffom the

Fig. 3.18 and Table 3.10. We made an attempt to bring the pH of the wuter (o the potable
range using bicarbonate salt. Precipitation of some substance was observed as the pH of
the water was increased to about 7. The precipitate was separated and anulysed. The XRD; LA

v

-} =z

u 2 : : ; P Tl 2re
showed peaks at 29.5% 36.12%, 39.5% 43.5° corresponding to calcium caitbouste and ar 21 S0 ven

31.95% 35.6° 40.1° corresponding to caleium phosphate: suggesting the peecipitate 1 be Teh
- mixture of calcium carbonate and calcium phosphate. After that tha phesphate level Ut the
waler was measured and it was found in the range of 1.5-2.3 mg/L Phosphate is 4 non-
toxic ion which does not figure in WHO’s list of guideline values tor drinking water.
Therefore, the AELD method can be recommended even though there is o slighily

clevated
level of phosphate in the treated water.

Comparative Evaluation of the performunce of the four weids

worto residual heavy metals in the treated swater

The limestone used in this fluoride removal experiments muy contiit, henvy acwls within

1 and the metals may leach out 1o the water during the teument process, Thesefore, the
Ureated water has been tested for the presence of the heavy metals and the vesuls e shown

in the Table 3.20. Cadmium was not lound in the water before s well as ulier the
treatment. The concentrations of lead and copper were below the \WI1O guideline vulya-
before the treatment which further decreased alier 1he treantment. The concanuation: r.f -
nickel and chromium increased slighily after ticaument but remaingd. Litow U,\; “:f‘
corresponding WHO guideline values. The concentiition ol cobalt, v il dees no i'l'_!.uﬁé'; e
in WHO’s list, increased very insignificantly after the teatiment, ‘Tl SIUCENUIREONS UF [ron | =
did inanganese, which are nontoxic as such. have incredscd very shipi Y avoveale WEQ
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Sy ;
ideli Genunt sermissible vilues of 1L.U mgll
puideline values. They are however below the maximutil peimissibl

ud 03 g/l respectively, in India.
Table 3,20, The concentrations bEsome heavy A “’-Mc “t'“"“

: t N gutdeline Valuaes
and afier trentment by the ALELD process Wiong With he WD goidelin

WO gaideline

Meluls Before Filtration Affer Filteation (mp/l)
(mg/1) AA CA OA PA (ng! I_ o
Cadmium 0 § 0 0 0 ‘J.Ohj-
Lead 0.002 ] Q 0 0 u.u3
Copper 0.120 0054 0061 D0Lo&7 w016 L
Nickel 0.001 0.018 0056 0093 0.082 ] ‘._
Chromium 0 0.004  OUCL  ©002  0.004 U0
Cobalt 0 0.001 0003 0002 Lol -
Iron 0.131 0382 0402 0445 0391 .30
Manganese ) 0.102  0.105 0116 0.108 0

The excess iron and manganese can also be removed easily by conventional methods. -

Thus, the AELD process is safe as far as the heayy metals are concerned.

3(21). Milestoues with Dates, Work Elements For Each & Respousible Ul';:_ilhiiﬁ“u n e
Each Worlk Element

S. Milestone Target Date | Work Elements Rispunsibile
No. Orgdliization
1 Study of Within 1" | 1. Study of precipitation of Cal’ 1 D$Y
mechanism of | year _ : :
| removal 2. Study ol udsorplion of Calls 04 157
limestone
2 Optimization Within 1* [ 1. Wor.t. quantity olscid DST
of processes half of 3" 4 : : :
vear 2. W.rt. size of chip wid colummn DST
3. Retention time DST
3 Checkingof | Within3* | 1. Potability 1est DST
quality of quarter of !
treated water 3 year 2. Other deconanunations D&
L

= &
34

8(b) Milestones Achieved:
1. Study of mechanism of removal: The mechanism study was conipleled with AA wod CA

within the 1*' year and the mechanism of defluoridation in AELD was found (0 be a combination -
of precipitation and adsorption. However we continued the study 1o gether support from more

analytical techniques and with OA and PA.

19




2. Optimization of processes: The optimization work was completed within the sel milesione

of the ls:’\ quarter of the 3rd year exeept thit with PA which wis completed within the 3
of the 3" year.

3. Chiecking of quality of treated water: Completed within the 3 quare
planned. :

gaarier

fe I e Jl'l veult is

9 Deviations made from the original objectives: None.

10. Conclusions summarising the achievenients and indications ol

scopes {uture work

Conclusions.

In the present work, in order 1o increase fuoride removal, W reducet { time and
(0 incrense the capacity of the limestone, four different acids has
containing water before limestone treatment. These acids enhance
limestone for efficient precipitation of I and also facilitule adsotption of fluoride.
wrethod named as Acid Enhanced Limestone Defluoridalion (AELD) has been foand
(o Le a hiehly efficient, simple and cost effective delluoridation methotl hnyiing
of ficld applieation as evident from the lin

hie ireatin e
Becr added (o the hros
the dissalulion of

‘The

dines of the preseit stanly

prospect
wirrated beloyw.
Pormation of the calciwm salts of the acids 10 the

Leetate is water a soluble selt whereas calcium citidle was
5 Sl % ¢ 1 Rl e e vl
limestone column. The capacity of the limestone was nat 50 much: satisfictory which has £

been attribumied to the low acid dissociation in the case of AA e blocking ol the reaction
siles by the calcium salt in the case of CA. OA is a stronger acid in colparisun 10 aeetic
and CA and in was thought that it will liberate more amount of Ca** to presipitute T~ as
Caks in the crushed limestone column. The ealcium salt 8l OA, Viz, saletun: oxatate,
which is water insaluble, was formed in the limeslone columy i the presence ol OA, The
sult produced in the column hinders the reaction belween the limestone snd E 1on causing
fluoride removal, particularly alter 12-15 limes repeated use-of the siae =
limestone column. ‘The calcium salt of PA, viz,, calcium phosphale formed i the linesons
column in the presence of PA is wransformed into HAP which is o better hunter of I7. This
salt does not block the reaction sites of the limestone, rather it itsell peacis with F to formy
FAP which is again & stronj adsorbent of F. The experiments on deflvoddaion with PA

Luve shown very interesting resulls.

coliinan wits found. Calciunt =28
S

(aund (o be peecipitated itthe T Ses

4 decrease in the

The main findings drawn from the AELD experimeits using dillorent wbds we as

{ullows: i e
foks wdee,
Lo e

ARLD with AA s
1 the initial 10 me/L Haonde containiag —

¢ Addition of AA in 0.1 M coneentration i
distilled water as well as grounchwater ¢a

limestone up to 20 %.

4 enlmnce the rewnaval cipacily of the

34
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o e e sloyer than the
The fluoride removal which takes about 12 h for equilibration

neutralization of the acids. ' o
The final pH of the treated water after the AELD treatment wx‘th /\/ l‘u.n. e
the acceptable range for drinking water, The neutralizativn’ gf tis 'FK takes piace
within ininutes after putting the acidic water inlo the linestone coiti ¥

The same limestone column can be used repeatedly up (o (=12 thmes: |
The removal of Nuoride geadually decreases with the number 6! i< e'-x'--fl use L f“'~‘
same limestone colunu, n due 1o a gradual suturation ol adsorplion silas with m.m.u.g.j_
The effect of co-existing anions on the AELD with AA is quite small and decieses in
the order: phosphate > sulfate > bromide > chloride > nitrate.

The materials used are common and nontoxic and the method is simple whizi makes it
easily acceptable to common people.

ALLD with CA

Addition of 0.1 M CA to the fluoride water belore liluation through lhe dimes.onc
column can remove fhicride up to about 95 % from an initial concentration o L0 me/L

containing distilled water as well as groundwater. Fluoride removal to below | mg/L

can be achieved by the method.

CA is also neutralized quickly and the final pH of the treated water remains withurthe -

accepiable range for drinking water.

The effect of co-existing anions on the fluoride removal by the preseat methed is guite
small and decreases in the order: phosphate > sullate > bromide > chloride > niteate.
The fluoride removal takes about 6 or 12 h for equilibration.

The same limestone can be used repeatedly up to 10-12 1iiues.

CA is non-toxic and used as common food additive which makes it casily ucsoptable
for the users.

The materials used are common and the method is simple which makes .t casily
acceptable to.common people.

AELD with OA

Addition of OA to contaminated groundwater belfore deflie idation by crushed
limestone significantly improves the fluorde removal About 95 % of Nuoride 2an be
resmoved from initial 10 mg/L fluoride concentralion up lon=13.
This acid also neutralizes within minutes and the pH of the
remains in the neutral range.

Up to 12-15 times of repeated use of the sanie limestone can give tluoride r:mo'.falflf;
below | mg/L from 10 mg/L. t
The method has been found 1o be eflective even at low initial cur,
and is affected a little by competing ions.

Precipitation of calcium oxalate salt has been [ound ij the limestone ol
blocks the further renction of the acidic fluoride water with |im

The effect.of competing anions is nepligible and follows the stue order 15 AA and
CA. St

valer uller wealment

Jentration uf uerde

1 which
dSlone,

b

ains wizhin




«  The residual oxalate in the treated water should not be cause of coneein: |
e s : , o eoetite nnke the

« Simplicity of the method and the use of common and nentox muterinls nise
method easily acceptable to the common people.

ALLD with PA )

« Inthis AELD process with PA, thioride removal has been gchieved (o baloy mg/L
from an initial 10 me/L within 1 1 of teatment time with all hree concentralions of .
PA, viz., 0.01, 0,05 and 0,1 M.

« The removal capacity has been increased wiih inerease in ueid e peantrution
treamment time. Most o1 the F™ was reimoved from the yvter within s .
{hat 1he removal takes place slowly. There is a very litlle jucreass in tiw tuonde
cemoval after the treatment time of 3 hup to 24 h.

«  The Nuoride removal capacity of limestone is very high and ince? ,
the concentration of PA. The capacity of the | ke of lumestone 10 remove Jluur.uc-l.-om e
initial 10 mg/L to below 2 mg/L have been found to be 105 and 110 L using 0:05 M '

Lo
St

. TFluoride removal frem lower initial concentation gives belter resulls i compiuisen o e
higher initial concentration. With 0.01 M PA and 5 mg/L initial I the amount of water
can be treated 1s 126.6 L per kg of limestone.

«  The effect of other ions in the AELD process with PA is negligible.

¢ The peutralization of PA by limestone is very slow. The acid is not neulralized even
afier 12 h of treatment time. This necessitates a pHf coliection ol tie watler ailer the

o iy

A4 alter

qses With dreuss 1

treatment. The pH correction can be done by fillering the treated waier tuoush
another limestone column, '

< The AELD process with PA is safe after complete neulralization ¢ [ the aeid.

Tle mechanism of fluoride removal in AELD

¢ It has been confirmed from the mechanism study of the AELD using the four acids
that the fluoride removal in the process takes place through precipitation of caleiuin
{uoride as well as through adsorption of [luoride by limestope ln the suse of PA
liowever adsorption of fluoride by HAP also signilicanily conwributes 10 the tosl
fluoride removal, #

¢ The observed high fluoride removal capacity of the limestone in presence or the zx.:nd"is,‘; 5
due 10 combined effects of precipitution of Cal by high cokecntiation or L‘;xy ioii:' ‘:,
generated in situ in the reactor by dissolution of caleile by the acid and udsorpiion of
fluoride on the limestone particles,

In the analytical study of the limestone before and after use, formation ol caleium sahs
of the acids has been found in the column, Calcium aeetate salt (s Bigaly coliole and
remains in the water whereas the calcium salts ol CA, OA aunl PA, viz, cacium
citrate, caleium oxalate and caleium phosphate are precipitated in the culumn, The
calcium phosphate is converted into HAP in the prescnce ol waler



«  The residual oxalate in the treated water should not be cause oF conceri

o, s . 3 ATy ke the
« Simplicity of the method and the use of commion wid nontosie pintesinls niRe
method easily acceptable to the common people
ALELD with PA 5
: . g . Jow | mg
« In this AELD process with PA, fioride removal has been gehievett 1o below i itie

5 2l vy s o N ) . siitenations Uf
from an initial 10 mg/L within 1 I of treatment time with tll three conuentiats

PA, viz., 0.01, 0.05 and 0.1 M.

« The temoval capacity has been incrensed with increase in acid e ‘“'”"l.l'd o
weatment time. Most of the F* was removed from the wter witlin pnues
that tlie removal takes place slowly. There is a very fitlle iriercase in tie HES I
removal after the treatment time of 3 hup to 24 h.

«  The fluoride removal capacity of limestone is very high and incr '
the concentration of PA. The capacity of the | kg2 of lunestorie 10 remove 1hfm'.dc I.;om
initial 10 mg/L to below 2 mg/L. have been lotnd o be 103 and 110 L using U.05 M -
and 0.1 M PA. s et

«  Fluoride removal from lower initial concentLation gives belter resulls in COIpVISORn i o
higher initial concentration. With 0.01 M PA and 5 mg/L initial I tlie amount o waler
can be treated is 126.6 L per kg of limestone. '

e The effect of other ions in the AELD process with PA is negligible.

«  The neutralization of PA by limestone is very slow. The acid is not neutralized cyen
after 12 h of treatment time. This necessitales 4 pll corieetion ol the water e tae
treatment. The pH correction can be done by filleing the tieated warer tluough
another limestone column. '

. The AELD process with PA is safe after complete neuiralization vl the acid.
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The mechanism of fluoride removal in AELD

« It has been confirmed from the mechanism study ol the AELD using the four acids
that the fluoride removal in the process takes place throvgh precipitation of caleium -
{luoride as well as through adsorption of luoride by limestone. I the cuse ol P
however adsorption of fluoride by HAP also signiticantly comribuies 10 the 1otal
fluoride removal. ' -

. The observed hlgh fluoride removal CapﬂCily of the limesione in presence ol the il?.id'iSr s
% 0t
2+

due to combined eflects of precipitution of Cala by liigh concentration G Cu i
generated in situ in the reactor by dissolution of calcite by the acid and adsorpdon of
fluoride on the limestone particles.

In the analytical study of the limesione before and after use, formation of caleium salts
of the acids has been found in the columy. Caleium aeeine € Ut s Bighly soluole and
remains in the water whereas the caleium salis of CA, OA aund PA; viz, cucum
citrate, caleium oxalate and caleium phosphate are precipitated i the coliuu The
calcium phosphate is converted into HAP in the presence ol walen

-



«  The fluoride removal gradually decreases with in cuge ol AA, (."/\ s OAdue to a
pradual saturation of adsorption sites with fluoride and blocking ol the reucton sic by
precipitated caleium salis of AA, CA and OA formed in the limestone columu,

« In case of PA the corresponding sult, Viz.,
therefore the removal capacity of the limestone is far beue
acids. Limestone and hydroxyapatite, together worked for the ]
via precipitation as Calz and adsorption of [ on (he surfice of the hmestone and
hydroxyapatite.

« The precipitation of calcium fluoride is rapid in this treauneint process whereas the
adsorption is slow and continues beyond 6 hours.

« The limestone retains its original quality after the treutment prove
part was degraded. It can be reused in furlher treatinent process alter wasiung the
surface and may be used in the manufacturing ol cement.

HAP, is a good Iluoride seaverger and
¢ than the cases of the oher
¥ removal which oceurs

ss, only the surlace

The cemparative performances of the four acids

«  The order of the efficiency of the acids in increasing (he capacity ol the Hnestone 1or
defluoridation by AELD process is s follows: PA>>0A>CA>AA.

« While AA, CA and OA can bring the concentration of fluoride from imitial 10 g/t lo
less than 1 mg/L, PA can bring it down to less than 0.1 ma/L.

« PA is not only better in terms of increasing capacity of the limestong, it alsorzduces
the treatment time, The concentration of PA required is also smaller than that of the
other acids. ;

« The AELD process is safe as far as leaching of heavy melals from limesione (o the
treated water and the residual acids in the treated waler dxe cancerned. :

« The AELD technique with AA, CA, OA and PA is & low-Cosl defluorid ion Ppoeess

and the cost decreases on changing the acid in the order: OACAASCASPA.

«  From the consideration of the cost of the treatment pee lire ol thie watzr, the quanilily
of acid and limestone needed and the time required for the treatinent. PA sees tu be
the most suitable acid for AELD.

Finally, it can be stated that the AELD techuiyue using tue four auils in
geaern) wad PA in particular is an cconomic and simpie deltuoridation tezuuijue
lLaving the potential for houschold and community level applications in cotuteics liice
Indin swhere limestone is ibundant.

Tutuve scupe
« Pilot scale swdy of the AELD technique using the four acids, specially, PA, can be
carried out for scaling up and optimization of the different paraineters, e,
concentralion of acid, residence time, ete., and adjustment of pIl. .
« The present study has used a static fixed bed columa treaument il siop low reucior, 'The
performance of a continuous flow reactor can be evaluaed, -
. The reason behind the slow neutralization of PA by limustone can Lz investigaied

==
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11. S&T benefits acerued:

(i) List of Research Publications with Details:

I~

6.

8.K. Nath, S. Bordoloi and R_K. Duttn, Effect of acid onmorphology of caleite
during acid enhanced defluoridation, J. Fuorine Chem., 2011132, 19-20

SK. Nath and R.K. Dutta, Enhanced limestone deflugriduuion or sl Ly
acetic and citric acids in fixed bed reavtor, Clewn — Soil -air, Vwer, 2010, 28,
G14-622.

S.K. Nath and RK. Dutta, Fluoride removal from waer winz G hed
limestone, Indian J Chem. Tech., 2010, 17, 120-125 :

SK. Nath and RK. Dutti, Enhanced limestone defhuoridation i column

: : ; : : y : ( N (NX-
reactor using oxalic acid, Process Safety Env. Protecriun, 2011 8N, X ;

'Sa

XXX.(in press) doi:10.1016/j psep.2011.07.001 <
S.K. Nath, S. Bordoloi, S. Gogoi and R.K. Duna, Acid enlpeadd !imcslo.nc
deflucridation of water using phosphoric teid: in silu genciwion ot Nuoride
scavenger hydroxyupatite, (Under conmumicativig. '
SK. Nath, S. Gogoi and RK. Dutta. A coninuous flow study ol scid
enhanced limestone defluoridation of water using. phosphorie Jeid, (Under
communicalion).

(1i) Munpower trained on the project:
The JRF of the project will soon submit the PhD thesis.

(i) Patents taken: (Filed)

1) “Enbanced limestone defluoridation of fluoride contuminated water in the presencs
of citric acid and acetic acid”, RK. Dutta and S. K. Nali. ~ipplicaion Nao

1215/KOL/2008, dated 17/7/2008 13:20:01.

2) “Enhanced fixed-bed limestone defluovidation of groundwaier asing & solia acid

to get potable water”, R.K. Duttaand S. K. Nath, Applicution No.: Y85/6 L2010,
dated 05/09/2010 11:33:45. )

3) “A highly efficient defluoridation. method by in-situ gensiution oF i sifcient *=
precipitant and strong adsorbents of fuoride i crushed linestons
column and plug flow reactors”, R.K. Duuta widd 5. Ko Mo Appicciun Vo

168/KQL2011 dated 9/02/2011 12:58:3Y.

(iy) Conferences attended:

1) International Seminar on Frontier in Polymer Seience and “Cechinulugy (P()l,\'\..
2007) November 1-3, 2007, Guwahati, Indin, Enhanced lron-Loading oit
Phospharylated Jure Fiber for kemoval of svsenie jrom Warer Swieh N Saly,

Suman Benerji, Ravi B. Stivastavo and Robin K. Duta,

8+

tiyad-hed
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Worlshop of Amerienn YWaier Works

2) The 2009 Inorganic Contaminants v
coO, JSA Lalmne2d Hlcesione

Assodiation, February 28-March 2, 2010. Deaver,
defluoridation by edible aclds, Robin K Dutti, Suresh K Nath. )

3) Internationul Conference on Fuvironmential Challenges: o & lobad Cuncern,
\CEC 2010, October 15-16, 2010, KMV Jalandnar, Punjub, Indis. Linesione
Defluoridation of Water in Presence of Edible Acids in Fixed Bedd Reacior, Suresh
K Nith, Robin K Dutta.

4) Assam Science Society, The 54" Aanual Technic

University, India. Enhanced Limesione Defluoridation by incréasecs i
daloi and Robin K. Dull.

yhier Seituess and Techaulugy,

al Session, Feb 4, 2002, Texpur
£ aehivity

using acicls, Suresh I Nath, Shreemoyee Bos

5) National Seminar on Emerging Trends in Pol
POLY 2009. October 8-10, 2009. Dept. of Clicmistry, Saurushti University,
Gujrat, India. Symthesis of polyaniline/graplite composite aid upplicanion n
defluoridation of waier, Suresh K Nath, Surajil Konwer, Swapdn K Dolui, Robin
I Dutta.

6) National Seminar on Crisis of Fresh Water, A Challenge 16 Humzuity sud Lifes

Processes, What is the Solation? August 17-18, 2010. Dept. ol’ Chemistry, DR
‘College. Golaghat, Assam, India. Edible Acid enhanced Lunesionz Bufluoidation
of Water in Fixed Bed Reuctor, Suresh K Nath, Robin K Duotta

7) DST Workshop on Water Puritication Possibiity and Prospecs, Lepl of
Chemistry, JN.V. University, Jodhpur, India. Aeid enhaneed  linis:one
defluoridation by edible acid, Robin K Dulta, Shceemoyce Boidaloi, Saresh I
Nuth. :

(v) Replieation potential:

We have developed a method, viz., Acid Enbanced Litnestone Detlacnidation (AELD)
using limestone and a non-toxic acid. The AELD method vsiny phosplionc acid tus brea
found to be highly cflicient and low cost. The method has the potential (or practical
application.

(vi) Linkage developed: None. : 3 e

Noae and siguatare with Date:

= /’—__‘
e Wobin Kamar Dutts @"t@
(Frineipal Investigator) oz,r \7()_ aAl

(Ur. Tarun Kumar Maji) d '\'\1\
[Co—lnvestigalnr)




