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Abstract-The ku&~cs of absorptmn of phosphme m aqueous solutnms of sodmm hypochlonte and sulphunc acti 
was studied m a stwred cell and a s-d contactor The reachon of phosphme with aqueous soh~t~ons of sodmm 
hypockdonte was found to be first order with respect to phosphme and hypochlor& The effect of pH on the second 
order rate constant was also mvesmted The value of the second order rate constant was found to vary from 230 to 
77,000 1 /g mole set at 28oC m the pH range of 12 95-9 40 

The reachon of phosphme with aqueous solutions of sulphunc acxl, m the range of concentrations of 80 to 92% by 
wetit, was also found to be first order with respect to phosphme The value of the pseudo first order rate constant 
was found to be m the range of 3 x 10664 x 106 set-’ at 28°C Copper sulpbate was found to be an effe&ve catalyst m 
sulphurx acid solutions - 

INTROMTCTION 

Commercml acetylene produced from calcmm carbIde 
mvanably contams a s&cant amount of phosphme 
Further the efIluent gases from electrothermal phos- 
phorus plants are also reported to contam some phos- 
phme The removal of phosphme from the above gases IS 
normally accomphshed by scrubbmg the gas w& aqueous 
solutions of sodmm hypochlonte or sulphunc acid There 
15 scanty mformation m the hterature on the kmetics of 
absorption of phosphme m the above solutions 

Lawless and Searle[ll have stud& the kmehcs of the 
homogeneous reaction between phosphme and sodnun 
hypochlonte at d&rent pH values usmg the stopped 0ow 
method They have covered a hnuted range of pH There 
1s apparently no mformakon m the pubhshed hterature on 
the kmetics of the absorption of phosphme m aqueous 
solutions of sulphunc acld Shzovskaya et al [2] have 
reported that copper sulphate acts as a catalyst for the 
reaction of phosphme W&I sulphunc acid Thus 1s reported 
to accelerate the oxidation of absorbed species to 
phosphonc acid It is, however, clear from the avadable 
mformatlon that the reaction between phosphme and 
aqueous sodmm hypochlonte and sulphunc acid are 
relatively very fast and Muslonal factors are hkely to be 
unportant In view of the above it was thought desuable to 
study the kmetics of absorption of phosphme, whch 1s 
very spanngly soluble m water, m aqueous solu~o~s of 
sodmm hypochlonte and sulphunc acid over a wide range 
of operatmg con&fions of mdustnal relevance 

EgpeplMENTAL 
The kmetics of absorption of phosphme m aqueous 

solutions of sulphunc acid upto a concentration of 85% 
w/w and sodmm hypochlonte at pH values of 12 40 and 
12 95 was stied m a stzrred cell The design of the cell 
was the same as that used by Jhaven and SharmaQl The 
area of contact m the cell was 80 cm’ The stu-rer was 
provided with three nnpellers, one for sknng the hqd 
surface and the other two 111 the gas phase to ensure 
complete nu.xmg m the gas phase The cell was unmersed 
m a constant temperature water bath mamtamed at 28°C 

The absorption of phosphme 111 aqueous solutions of 
sodmm hypochlonte at pH values of 9 40.10 20,lO 40 and 
1170 was stu&ed m a stirred contactor as the values of 
the rate constant at lower pH were expected to be 
relatively very h& The stied contactor was prowded 
with independent shrrers for the gas and hqmd phases 
The area of contact m the contactor was 85 cm* The top 
plate and the gas side strrrer were made of stamless steel 
while the bottom plate and the hqmd side sbner were 
made of perspex to avoid corrosion The absorption of 
phosphme m aqueous solutions of sulphunc acid above a 
concentration of 85% w/w was also studied m the stied 
contactor as It was expected that some gas side resistance 
may be present at higher concentrations of the acid 111 the 
stu-rcd cell The top and bottom plates and both the 
sWrers m the gas and hqmd side were made of &unless 
steel The design of the contactor was the same as that 
used by Sndharan and Sharma[4] 

Phosphme gas was generated by reactmg zmc phos- 
phde with sulphunc acid and collected m an aspvator by 
the displacement of water A layer of para& od was 
mamtamed over water to prevent the absorption of 
phosphme m water 

Aqueous solutions of sodmm hypoctinte were pre- 
pared by passmg chlorme m aqueous solutions of sodmm 
hydroxide of predetermmed strength The hypochlonte 
solution was analysed by liberatmg mdme from an 
acid&d solution of potassium lo&de and titratmg the 
hberated mdme with standard sodmm tluosulfate The pH 
of the solutions was vaned from 9 0 to 13 0 The iomc 
strength of the solution was mamtamed constant by the 
the addition of analar sodium chlonde 

A measured quantity of sodmm hypochlonte solution 
was taken m the apparatus The cell was flushed with 
mtrogen to &place au Nitrogen rather than oxygen 
should be used as phosphme burns spontaneously m the 
presence of au After flushmg, phosphme of the desued 
composition was passed for a statable length of tune 
Then the sturer was started and a run was taken The gas 
flow rate was measured usmg a soap f&n meter The 
duration of a run was 10-20 min After each run, the cell 
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was agam flushed wrth mtrogen to avoxd the contact of 
phosphme wtth au The phosphme gas concentratron was 
determmed vohrmetncally rn an Orsat apparatus with 
potassmm permanganate as the absorbent The rate of 
absorptton was measured by analysmg the hqurd sample 
at the end of each expernnent Merent concentratrons of 
sodmm hypochlonte at pH values of 9 40, 10 20, 10 40, 
1 I 70.12 40 and 12 95 were taken and the concentratron of 
phosphme was varred from 2 to 20% v/v The measured 
values of the specrfic rate of absorptton along wtth other 
pertment data are reported 111 Table 1 

In the expernnents for the absorptron of phosphme m 
sulphurtc acid, a measured quanttty of sulphurtc acid was 
taken m the cell The system was flushed wrth mtrogen to 
remove au and after flushmg a run was taken 111 the same 
manner as tn the case of sodmm hypochlonte solutrons 
At the end of iOmm, a sample of the outgomg gas was 
collected and analysed for rts phosphme content The 
specrhc rate of absorptton was calculated by analysmg the 
phosphme content of the mlet and outlet gas streams The 
gas flow rate was mamtamed at a prefixed value m the 
range of 10-20 cm3/sec Merent concentrations of 
sulphurtc acrd were taken and at each concentratton, the 
parual pressure of phosphme was varred The measured 
values of the spectfk rate of absorptron along wrth the 
other pertment data are reported in Table 2 To find out 

the catalytxc effect of copper sulphate on the specrfic rate 
of absorptron, dtierent concentrattons of sulphunc acrd 
were taken and 0 5% by we&t of copper sulphate was 
added At each concentratron of sulphurrc actd, the partral 
pressure of phosphme was varred 

-OF- m-8 
8oLuTloNs OF s -CAClDANU 

8ouIulu-RITE 

The solubrhty of phosphme m water at 28°C has been 
reported by Weston to be 7 77 x lo4 moles/cm3 atm[5] 
Since the reactrons between drssolved phosphme and 
sodium hypochlonte and sulphuno acxl are very fast, the 
physical solubrhty of phosphate rn these solutrons cannot 
be determmed analytically The solubthty of phdsphme m 
aqueous solutrons was e&mated from the followmg 
equatron 

(1) 

where, 

K, =r++r_+r, (2) 

The iomc strength of the aqueous soluttons was calculated 

Table 1 Absorption of phosphme III aqueous solutions of sodium hypo&lonte at 28°C 

Concentration 
I O il ld of NaOCl R* x 10’ Rate constant 

Apparatus strensth BOX 1rF mole t 
No used lOn/l PH mole/cm3 cm* secatm 1 /mole set 

1 
2 
3 

z 
6 
7 
8 
9 

10 

15 12 95 

:: 
12 95 
12 40 

15 12 40 
15 12 40 
19 1170 
15 10 40 
15 10 20 
23 10 20 
15 940 

0386 2 17 
0 633 280 
cl 104 171 
0199 247 
0394 3 54 
0245 431 
0 218 1250 
0 218 1520 , 
0 218 1193 
0 351 38 30 

234 

E 
575 
598 

1865 
13400 
19500 
17750 
76600 

Apparatus used A-Stmed cell, Volume of aqueous solution = 200cm3 Speed of stunng - 
6Orev/nun BPtmred contactor, Volume of aqueous solution = 600cm3 Speed of shmng= 
175 rev/mm 

Table 2 Absorphon of phosphme m aqueous solutions of sulphunc acid at 28°C 

No 

Concen- Conccn- Rate 
h 3 t l O D tratron Acldlty RAxlV constaIlt 

Apparatus of H,SO. of H,SO, function moles k, x 10d 
used % w/w mole/l [-Ho1 cm2 set atm S C- ’ 

1 A 79 70 14 06 7 47 0% 31 
2 A 82 40 14 78 790 146 61 
3 A 83.25 1500 803 1 92 96 
4 A 8440 15 29 8 20 325 224 
5 ii 85 55 1562 8 38 4 27 298 
6 88 50 16 37 882 7 76 443 
7 B 92 93 17 23 9 36 17 70 640 

Apparatus used ACtured cell, Volume of aqueous solution = 17Qcm’ Speed of 
stunng = 40 rev/mm B-Stnred contactor, Volume of aqueous solution = 600 cm’ Speed of 
stunng = 175 rev/mm 
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from the followmg expression 

where C, 1s the concentration of Ion of valency Z, The 
second QssocM~on of suilphunc acld (namely, HSO; + 
H+ + SO,*-) IS known to be newbly small m the range of 
the concentration of acid ustd m tis work Further it IS 
reported that m the range of sulphurrc acad concentrahon 
employed, even the tit dasoctition to H+ and HSO,- 
does not occur completely[6] The lomc strength of the 
aad solution would, therefore, be numencally equal to the 
molar&y of the acid dlssocmted, m the range of acid 
concentration covered m this wbrk 
The contnbution of various species to the value of K, 

was taken from the reported values m the bterature[n 
The contriition of phospbme to the value of K, was 
calculated from the value of K, reported by Weston for 
sodmm chlonde solution, the contibution of HSO, ton 
was calculated from the values of the solubihty of sulphur 
&oxlde m sulphunc acid reported by Sankholkar[8] It 
has been assumed that for the entie range of sulphmc 
actd concentration covered m tis work eqn (1) holds 

DIFRIsvITy OF mosPmNE IN AQUEOUS SOLUTIONS 
OF -c ACID 

The dtiuslvlty of phosphme m water at 28°C was 
calculated by W&e-Chang correlation and found to be 
2 05 X lo-’ cm’/sec The dtiuswlty of phosphme m 
aqueous solutions of sulphunc acid, m the range of acid 
concentrations employed m thts study, cannot be expen- 
mentally deternuned smce the reaction of dissolved 
phosphme m the acid is very fast It 1s not reasonable to 
estunate the value of the dtiuslvlty from the farmlrar 
Wflke-Chang correlation, because of relatively large 
vacation in the vlscoslty (almost 25 fold) Sankholkar has 
measured the Muslvlty of sulphur dloxlde m aque.ous 
solutions of sulphur~c ac~I of 72 4 and 818% (w/w) by 
absorption m a lammar hqmd let The followmg equation 
was found to hold 

D/L- 
- = Constant T (4) 

The above correlation was used for the calculation of the 
Muslvlty of phosphme m aqueous solutions of sulphunc 
acid The relevant vlscoslty data are avdable m the 
Merature [9] 
The Muslmty of phosphme 111 aqueous solutions of 

hypochlorrte was estunated from the W&e-Chang 
equation as here the maxuuum vanatlon m the vlscoslty 
was found to be 20% 

Reaction between phosphme and hypochfonte 
Lawless and Searle have reported that phospbme 1s 

oxldlzed to hypophosphorus acid when absorbed m 
aqueous solutions of soduun hypochlorlte 

PH, + 2NaOCl+ H3P02 + 2NaCI (5) 

But m the present study, It was found that phosphme 1s 
ox&zed to phosphotlc acid mstead of hypophoephorus 
aad The sto&uomet.nc factor for phosphine u&h sodmm 
hypochlotite was determmed by absorbmg a known 
volume of phosphme m sodmm hypochloonte s&&on of 
a known concentration The followmg reaction IS beheved 
to take place 

PH, + 4NaOCI + Hz04 + 4NaC1 (6) 

Denms and O’Bnen [ lo] have also reported that phosplune 
IS oxulued to phosphonc acid when absorbed m sodmm 
hypocblonte They have also reported that the rate of 
absorption of phosphme was strongly dependent on the 
pH of the solution Further m the patent literature It has 
been pomted out that the oxidation goes to phosphonc 
acld[ll] 

Reaction between phosphrne and sulphunc and 
In the reaction of phosphme w&h aqueous solutmns of 

sulphmc acd phosphme IS ox~&zed to phosphonc acid 
and sulphurrc acid 1s reduced to hydrogen sulphde 
Hydrogen sulphtde m the acid mednun and m the 
presence of some oxldlwng agent wrll be oxuhzed to 
elementaI sulphur[12] In the present study the same 
phenomenon was observed and elemental sulphur was 
preclpltated The concentration of sulphunc acid has a 
very large effect on the rate of absorption of phosphme 

R E S U L T S A N D DIS C U S SI O N  

Absorptron of phosphrne an aqueous solutrons of sodrum 
hypochlonte 
Prehmmary expenments at pH values of 12 40 and 

12 95 were camed out m the s&red cell at Merent speeds 
of stu-rmg (40-80 rev/mm) The spectic rate of absorption 
was found to be mdependent of the speed of stu-rmg 
showmg that the hydrodynanuc factors are not unportant 
The enhancement factor [R,, IA*k,] was found to be very 
much greater than 3 and much less than [B$ZA*] thus 
conlirmmg that the reaction falls m fast pseudo mth order 
reaction relpme For experunents m the stvred contactor 
at pH values of 9 40, 10 20, 10 40 and 1170, the speed of 
sting was vaned from 150 to 250 rev/mm Here also the 
spectic rate of absorption was found to be mdependent of 
the speed of stu-rmg The? gas side stirrer speed was varied 
from 700 to 12OOrevlmm and the specific rate remamed 
practically constant mdtcatmg the gas-side resistance was 
absent Further the enhancement factor was found to be 
very much greater than 3 and much less than [BdZA*] 
This confirms that the reaction falls m fast pseudo mth 
order reaction regune 

For a reaction falhng m the fast pseudo mth order 
reaction regune, the spec& rate of absorptron IS gwen by 
the followmg equation 

R,, = [A*] &+~LIALlm-L[~ol”) (7) 

where, R* = Specfic rate of absorption, mole/cm* set, 
[A *] = Solubthty of the solute m the electrolyte solution, 
mole/cm3, DA = DBusmty of the dissolved gas 111 the 
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hqmd, cm*/sec, &,,, = (m + n)th order reaction rate COB- 
stant, (cm3/mole)m+n-’ set-‘, [&I = Concentration of the 
non-volatic reactant, mole/cm3, m = Order of the reaction 
wUh respect to the gas, and n = Order of the reaction Hnth 
respect to the non-volatie reactant 

Further experunents were carned out m the stured cell 
at a speed of sturmg of 60 rev/mm and m the stu=red 
contactor at 175 rev/mm The speed of the gas-side stu-rer 
of the stured contactor was kept at 9OOrev/mm The 
effect of the partml pressure of phosphme on the specific 
rate of absorptmn 1s shown m FU 1 from whxh It 1s clear 
that the specfic rate of absorption vmes hnearly urlth the 
partx4 pressure of phosphme, mdxau that the reaction 
IS first order with respect to phosphme A plot of 
[RA/A*]Z agamst the concentration of sodmm hypocblo- 
rrte IS shown m Fig 2 wtuch mdxates that the spectic rate 
of absorption mcreases as square root of the concentra- 
tion of sodmm hypochlonte ms mdlcates that the 
reaction IS first order urlth respect to sohum hypochlonte 
The values of the second order reaction rate constant 
were found to he 236, 564, 1865, 13380, 18530 and 

and M M S- 

76400 1 /mole set at pH values of 12 95,12 40,1170,10 40, 
10 20 and 9 40 respectively at 28°C The followmg 
equation holds 

logk,= 11398-0697pH (8) 

The strong mfluence of pH on the reaction rate constant 
can perhaps be attnbuted to the fact that the per cent of 
total chlorme IS sodmm hypochkmte solutions present as 
unhssocmted hypochlorous acui vanes exponentmlly 
with pH 1131 and apparently the active species are 
reported to be HOC1 

Lawless and Searle have reported a value of the second 
order rate constant of 267 1 /mole set at a pH of 13 0 at 
215°C The value of the second order rate constant 
obtamed m Uus work was 236 1 /mole set at a pH of 12 95 
at 28°C 

From a practical pomt of view It would, therefore, be 
desvable to work at lower pH values m the range of 9 to 
10 consrstent wtth the other desirable features from the 
plant operatmn pomt of view (e g corrosion behavlour) 

2o CA”1 ‘07 6o ” 10 0 
x 1 0, g  m ol e /c m 3 _ 

Symbol B., mole/l FH 
0 0 386 12 95 
A 0 633 12 95 

0394 1240 
0245 1170 

: 0 0218 218 1040 1020 (1~230) 
t 0 0 218 351 1020 94 (I= 150) 

FQg 1 Effect of the parhal pressure of phosphme on the speufic rata of absorption m aqueous solutxons of sodnun 
hypochl~te m the stmed cell and the smed contactor at 28°C 
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[Bo] x10', g m ol e  /cm’ - 

Fig 2 Effect of the concentration of soclmm hypochlontc on the 
spectic rate of absorption of phosphme m the stied cell at 28°C 
pH = 12 40 [A *] = 4 0 x lo-’ mole/cm’ Volume of aqueous 
solutmn = 200 cm3 Speed of sturmg= 6Orevlmm Ionic 

strength=15ogloIL/l 

Absotphon of phosphrne m aqueous soiuhons of dphunc 
acui 

Some prehmmary expernnents with acid concentraUons 
upto 85% w/w were carried out at Merent speeds of 
sm (30-8@rev/mm) m the stu=red cell The specfic rate 
of absorption was found to be independent of the speed of 
sbrrmg m&catmg that the hydrodynanuc factors are not 
unportant Further the enhancement factor [&IA*kJ 
was found to be very much greater than 3 and much less 
than [B&A*] md~catmg that the reaction falls m fast 
pseudo mth order reaction regnne Further expernnents 
were camed out at a speed of sWrmg of 40 rev/mm. The 
experunents Hrlth acid concentrations above 85% w/w 
were camed out m the s&red cuntactor at a hqmd sturer 
speed of 175 rev/mm The gas side stier speed was kept 
at 12OOrevjmm Here also the enhancement factor 
[RA /A *kJ was found to be very much greater than 3 and 
much less than [B,/zA *] m&catmg that the reaction falls 
m fast pseudo mth order reaction regune 

The effect of the part& pressure of phosphme on the 
spectic rate of absorption IS shown m FE 3 from whch It 
IS clear that the specdic rate of absorption mcreases 
lmearly unth the concentration of phosphme The values 
of the pseudo first order rate constant were calculated for 
ddferent concentrations of sulphurrc acid and are 
reported m Table 2 There was a substantml mcrease m 
the spectic rate of absorption due to the presence of 
copper sulphate 

It 1s reasonable to correlate the values of the rate 
constant 111 aqueous solutions of sulphunc acid with the 
acl&ty function, Ho The values of the acldlty function, 
Ho, for ddferent concentrations of sulphuIlc acid have 
been reported by Lder[9] It is more rational to correlate 
the rate constant data for concentrations of sulphunc acid 
upto 85% and above 85% by we&t separately as the 
behavlour of the sulphurrc acid changes at about 84 50% 
and then the sulphunc acid becomes the solvent and water 

1 SYM%OL WEIGHT % 

FQ.g 3 Effect of the partml pressure of phospbme on the spectic 
rate of absomon m aqueous soluhons of sulph~c acti u1 the 
s&red cell at 28°C Volume of aqueous solution = 170 cm’ S@ 

of stlmng=4Orcv/rnm 

the solute (84 5% w/w corresponds to the mole fraction 
of sulphunc acid of 0 5). The expernnental data were 
fitted by the least square method (pa 4) and the followmg 
equations hold 

Upto 85% acid, log k, = 1 129[-Ho] - 2 009 (9) 

Above 85% acid, log kl = 0 381[-Ho] + 4 253 (10) 

me data pertammg to sulphunc acid solutions contam- 
mg copper sulphate as a catalyst can also be correlated by 
smular equations ] 

Accordmg to the estabhshed theones log k, should vary 
hnearly ~th Ho but m tlus work the slope of the plot of 
logkl agamst [-Ho] was found to be 1 129 T~H 
Merence IS perhaps due to the uncertamues aasoctated 

60 
t 

7 6- 

t 7 2- 

E 

E 
- 6 6- 

6 L- 

C-%1 I ACIDITY FUNCTION __c 

Fu 4 Effect of the ac&ty funtion on the reactionrate constant m 
the absorptton of phosphme m aqueous solutions of sulphunc acid 

at28T 
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wth the calculation of k, as a 10% error m the estunated 
value of solubWy would unply a 22% error m the value of 
the rate constant, and a 10% error m the value of 
Munvity would unply an error of 10% m the value of the 
rate constants 

However, a smgle lme can be fitted for the en&e range 
of sulfuric acid concentration covered whch gzves a slope 
of 0 726 vvlth a standard de-bon of 0 160 

CONCLUSIONS 

1 The absorption of phosphme m aqueous solutions of 
sulphurx acxd and hypochlonte ug the range covered m 
tins work 18 accompamed by fast pseudo first order 
reaction The reaction rs also first order ~th respect to 
hypochlor&e 

2 The value of the second order rate constant IS a 
strong function of the pH of the solution m the case of 
hypochlonte solutions, and the concentration of sulphunc 
acrd m the case of sulphmx acid solutions 

3 In the case of hypo+ionte solutions, it would be 
aeslrable to adopt lower pH of the absorbent (around 9 to 
10) It has also been jauned m the patent hterature that a 
pH value of 9 2 would be desirable 111 mdustnal practice 
for the removal of phosphme 

4 In the case of sulphurx acid solutions, It wotid be 
desirable to use a small amount of copper sulphate as a 
catalyst foF gases contaimng phosphme whch are free 
from acetylene 

From a practical pomt of view, aqueous solutions of 
sulphmc acid provide an additional advantage of drymg 
the acetylene gas obtamed from calcium carbIde In case 
in the same plant a caustic chlonne umt is also located, 
then the outlet sulphunc acid from chlorme drymg towers 
can also perhaps be advantageously employed 
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NOTATION 

[A,] solubdxty of solute In water, mole/cm3 
[A*] so1ubtit.y of solute m electrolyte solution, 

[&I 
DA 

Ho 
I 

k= 

2 
K 
m 
n 

R* 
T 
z 

Greek 
w 

[II 

Dl 

131 
[41 

VI 
161 

VI 

181 
Kg1 

[lOI 

t14 

WI 

1131 

concentration of non-volatile reactant, mole/cm’ 
Muslvlty of the dissolved gas m the bquld, 

cm*/sec 
acidity function of sulphurrc acid 
iotuc strength of solution, g ion/l 
hqmd side mass transfer coefficient, cmjsec 
second order reaction rate constant 1 /mole set 
(m +n)th order reaction rate constant, 

(cm3/mole~+“-’ set-’ 
= I+ + i_ + h, 1 /ion 
order of the reaction ~th respect to the gas 
order of the reaction with respect to the non- 

volatile reactant 
specific rate of absorption, mole/cm’ set 
absolute temperature, “K 
number of moles of hypochlorltc or sulphurx acid 

reactmg wth one mole of phosphme 

symbol 
viscosity of the solution, cp 
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