
  

 

Abstract—Aqueous sodium hypochlorite is often used to 

detoxify solid wastes containing elemental mercury and its 

compounds by oxidative dissolution of mercury in the form of a 

soluble mercurochloro complex. Experiments were conducted to 

estimate global kinetics and interfacial mass transfer 

parameters of the reaction between elemental mercury and 

aqueous sodium hypochlorite. The reaction did not conform to 

either pure mass transfer or pure instantaneous reaction 

regimes. The order and activation energy of the reaction were 

estimated to be 1.168 and 13.48 kJ mol-1 respectively. 

Experimental data on reaction enhancement factors may be used 

for design of an industrial solid waste detoxification reactor. 

 

Index Terms—Mercury, solid waste, sodium hypochlorite. 

 

I. INTRODUCTION 

Elemental mercury and its compounds are highly toxic to 

the environment. Vast amount of research data dealing with 

decontamination of gaseous emissions and liquid streams 

containing trace quantities of elemental mercury and its 

compounds are now available [1]–[3]. Some of these 

technologies are now well developed and involve dissolution 

of mercury vapour in aqueous hypochlorite solution [4], [5] or 

adsorption onto various conventional and novel adsorbents 

[6], [7]. 

Scanty information on basic kinetics of the 

mercury-hypochlorite reaction is available. Nene and Rane [8] 

studied the absorption of mercury in aqueous solution of 

HOCl, HOCl and NaCl, NaOCl, NaOCl and NaCl, KOCl and 

KOCl and KCl at 303 K in a disc column and reported the 

pseudo-first order rate constants for these systems.   Zhao and 

Rochelle [9] carried out an extensive study on absorption of 

mercury vapor in different reagents. They determined the 

kinetics of reaction between mercury vapor and potassium 

permanganate in a well-characterized gas-liquid contactor. 

They also measured the rate of absorption of elemental 

mercury vapor into aqueous hypochlorite in a stirred tank 

reactor at 298 K and 308 K . NaOCl strongly absorbed 

mercury even at high pH. Low pH, high chloride 

concentration and high temperature favor mercury absorption. 

Aqueous free chlorine was the active species that reacted with 

 

 

 

mercury and second order reaction kinetics was observed 

between elemental mercury and free chlorine. 

tertiery-butyl-alcohol (TBA) was used as a free radical 

scavenger. Effects of pH, concentration of potassium 

persulphate and silver nitrate, temperature, reactor-inlet 

concentration of Hg
0
 and TBA were studied.  Increase in 

initial concentration of potassium persulphate and silver 

nitrate increased the rate of oxidation whereas increase in 

temperature and TBA-concentration showed negative effect.  

Neutral pH was observed to facilitate oxidation.  About 60% 

of the original Hg
0
 present was removed within 210 minutes.  

Pala and Ariya [12] reported their experimental findings on 

kinetics of O3-initiated oxidation reaction of Hg
0
 over a 

temperature range of 283 – 323 K and at or near atmospheric 

pressure.  The pseudo-first order rate constant was reported.  

The reaction product was identified as HgO from the 

suspended aerosol. 

In order to analyze the oxidative dissolution process of Hg
0
 

in aqueous sodium hypochlorite and arrive at a meaningful 

mathematical result, data on mass transfer parameters and 

reaction rates are necessary.   In the present paper results on 

mass transfer and global kinetics of reaction between 

elemental mercury and sodium hypochlorite are reported. 

 

II. EXPERIMENTAL PROCEDURES 

A 250 mL glass beaker of 6.5 cm diameter was employed 

as a stirred cell and a four blade turbine agitator of 2 cm 

diameter was used for stirring the aqueous phase. The beaker 

was placed in a constant temperature bath (±1K) for 

maintaining constant temperature during the experiment.  A 

temperature probe and a pH probe were used for continuous 

digital monitoring of the temperature and pH of aqueous 

medium. 150 g of elemental mercury was taken in the beaker 
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Solid wastes are often treated with aqueous sodium 

hypochlorite to remove mercury and its compounds. Brine 

mud of a chlor-alkali industry containing elemental mercury 

and its salts is a solid waste and is usually dumped off-site in a 

lined pond. Sometimes this brine mud is treated with aqueous 

sodium hypochlorite to remove toxic mercury from the sludge. 

This is a solid-liquid reaction and involves mass transfer of 

mercury from the solid matrix into a liquid phase. Sizeneva et 

al. [10] studied oxidative dissolution of Hg
0

in NaOCl at pH 

5.9, 6.5, 6.9 and 8.5 at 25
0
C and 50

0
C.  It was observed that 

the first order rate was maximum in the pH range of 6.5 – 6.9.  

The dissolution process was reported to be heterogeneous 

involving simultaneous chemical reaction and diffusion. 

Aqueous phase oxidation of gaseous elemental mercury by 

potassium persulphate and catalyzed by Ag
+

has been studied 

by Ye et al. [11] in a glass bubble column reactor where 



  

and sodium hypochlorite of various concentrations and 

volumes were added for each set of experiments. 10 mL of 

dilute 1M hydrochloric acid was added initially to the reaction 

mixture to dissolve insoluble mercury (II) oxide formed by 

the reaction between elemental mercury and sodium 

hypochlorite. 

A set of experiments was designed to study the global 

kinetic parameters and transfer mechanism of elemental 

mercury across interface to the aqueous sodium hypochlorite 

solution. Concentration of sodium hypochlorite, pH, 

temperature, volume of the reaction mixture, specific surface 

area and speed of agitation of the aqueous phase were varied. 

Experiments were conducted at the following conditions: 

CNaOCl(0) : 0.0292 – 0.1157 mol.dm
-3

; T: 300 K – 328 K; 

pH : 1 – 9; V: 60 mL – 195 mL; a: 20.75 – 54.14 m
2
/m

3
; CHCl : 

1 mol.dm
-3

; r: 100 – 600 rpm.  4 mL aliquot was drawn out 

from the reaction mixture at 10 minute intervals for estimation 

of concentrations of sodium hypochlorite [13] and total 

mercury [14]. AAS absorbance versus mercury concentration 

plot showed excellent linearity (Range: 4.98 x 10
-5

-9.95 x 10
-4

 

mol.dm
-3

; R
2
 = 0.996) with zero intercept. 

 

III. RESULT AND DISCUSSION 

Sodium hypochlorite reacts with elemental mercury to 

form mercury (II) oxide which is insoluble in the aqueous 

phase.  Presence of hydrochloric acid in the reaction mixture 

dissolves the Hg (II) oxide formed.  These two reactions (1 

and 2) and overall reaction (3) can be shown as follows [15]  

 

Hg + NaOCl ⇌ HgO + NaCl                        (1) 

 

HgO + 2HCl ⇌HgCl2 + H2O                       (2) 

 

Hg + NaOCl +2HCl ⇌ HgCl2 + NaCl + H2O       (3) 

 

To study the thermal degradation kinetics of NaOCl, 150 

mL solutions of sodium hypochlorite of concentration 0.0583 

mol.dm-3 was taken in a 250 mL beaker and placed in a 

constant temperature bath. The reaction mixture was stirred 

continuously. pH and temperature of the solution were 

monitored throughout the experiment. The reaction was 

monitored for 60 minutes and between temperatures 303 K - 

328 K.  2 mL aliquots were drawn out from the reaction vessel 

at 10 minute intervals to estimate the concentration of sodium 

hypochlorite iodometrically. Sodium hypochlorite underwent 

marginal thermal degradation - in 60 minutes concentration of 

sodium hypochlorite decreased by less than 1.83±0.23 % of 

its initial value (experimental data not shown here). Other 

reported investigations [10], [15] confirm the fact that sodium 

hypochlorite disproportionates only at temperatures higher 

than 353K.  Therefore, in experiments, where reaction 

temperature was varied between 300K and 328 K, loss of 

concentration of sodium hypochlorite by thermal degradation 

was considered insignificant and neglected. 

Experiments were performed with fixed and known initial 

concentrations sodium hypochlorite – 0.0293, 0.0583, 0.0875 

and 0.1157mol.dm
-3

. Two typical plots showing 

time-concentration profiles of Hg
2+

 and NaOCl in the reaction 

medium are shown in Fig. 1 and Fig. 2.  Assuming that the 

elemental mercury phase is pure and uncontaminated, the rate 

equation for reaction 3 may be expressed with a power law 

kinetic equation given below:  

 

 
2

nd Hg
r k NaOCl

dt

                    (4) 

 

where r is the rate of dissolution of elemental mercury into the 

reaction medium and k is the apparent rate constant. The rate 

versus CNaOCl plot (t = 0-60 minutes) is shown in Fig. 3. The 

plot is linear and data for concentration-time plot for four 

different initial concentrations of NaOCl fell on a single line 

(R
2
 = 0.8587). From the slope of this line, global order of 

reaction 3 with respect to sodium hypochlorite (n) was 

estimated to be equal to 1.168 (r
2
 = 0.859). 

 

 
Fig. 1. Concentration of Hg2+ versus time profile (reaction 3). 

 

 
Fig. 2. Concentration of NaOCl versus time profile (reaction 3). 

 

 
Fig. 3. Rate versus sodium hypochlorite concentration profile (reaction 3). 
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Reactions between elemental mercury and sodium 

hypochlorite in presence of hydrochloric acid were carried 

out at different temperatures – 300 K, 313 K, 320 K and 328 

K in a constant temperature bath. The rate data were plotted 

against NaOCl concentration for each set of experiment (Fig. 

4). These plots are nearly parallel to each other indicating that 

the order of the reaction and hence, the mechanisms of mass 

transport of elemental mercury across the interface and 

subsequent reaction in the aqueous medium remain unaltered 

with change in reaction temperature. 
 

 
Fig. 4. Rate versus sodium hypochlorite concentration profile (reaction 3) at 

different temperature. 

 

From the slope, values of rate constant (equation 3) at each 

temperature was calculated. From an Arrhenius plot of rate 

constant data, pre-exponential factor (A = 1.29 × 10
-2

 mol. 

dm
-3

.s
-1

)   and activation energy (E = 13.48 kJ mol
-1

) were 

calculated.  The global kinetics of the oxidative dissolution of 

elemental mercury in sodium hypochlorite can be represented 

by equation 5. Low value of activation energy (between 5 and 

20 kJ/mol) is indicative of significant mass transfer resistance 

at the phase boundary. 

 

   
2 13484.74

1.16821.29 10
n RT

d Hg
r k NaOCl e NaOCl

dt

  
   

     

(5) 

 

The pH of pure sodium hypochlorite in the concentration 

range (0.02917 to 0.1157 mol.dm
-3

) of our study has a pH 

between 11.60 to 12.56. During the progress of the reaction at 

baseline condition or when other parameters were varied 

(except for the experiments where effect of pH of the medium 

was investigated) the pH of the reaction medium was 

maintained at 3 by dropwise addition of 1 mol. dm
-3

 of HCl to 

the reaction medium.  pHs of  different sets of experiments 

were maintained at 1, 3, 7 and 9 respectively by adding 

different volumes of ~1M hydrochloric acid to the reaction 

mixture. Total volume of hydrochloric acid added to keep the 

pH constant was less than 10 mL. The initial rate of reaction 

was very high at pH 1 but declined considerably at pH 3, 7 and 

9. At low pH insoluble mercury (II) oxide formed by reaction 

of elemental mercury with sodium hypochlorite dissolved 

instantaneously in the reaction medium and hence the initial 

rate was very high. With the progress of the reaction as 

concentration of sodium hypochlorite in the reaction mixture 

dropped, the rate fell. At higher pH, dissolution of mercury (II) 

oxide by hydrochloric acid was slower thus adversely 

affecting the global kinetics. 

Experiments were carried out at 100, 200, 400 and 600 rpm 

to investigate the effect of speed of agitation on 

heterogeneous (L-L) reaction between elemental mercury and 

sodium hypochlorite in presence of hydrochloric acid (the 

reaction was monitored for 60 minutes). From an analysis of 

experimental data it is inferred that speed of agitation has 

marginal effect on the global kinetics. For a liquid-liquid 

heterogeneous reaction the observation suggests that the rate 

of mass transfer of elemental mercury across the liquid-liquid 

interface is not rate limiting.  

To further investigate the role of on interfacial mass 

transfer on reactive dissolution process, 20 mL of elemental 

mercury was taken in a 500 mL beaker immersed in a constant 

temperature bath and to this 200 mL of triple distilled water 

was added without creating any mechanical disturbance in the 

liquid mercury. Immediately a turbine impeller made of glass 

connected with a variable speed motor was immersed in water 

as close to the interface as possible and rotated at a definite 

speed. Mass balance equation for transport of elemental 

mercury into the aqueous phase can be written as  

 

 *

l

d A
V k a A A

dt
                         (6) 

 

while the integrated form of transport equation is  

 
*

*
ln

( )
l

A a
k t

A A V

 
  

  
                       (7) 

 

2.96 ×10
-6

   mol.dm
-3

 in water at 300K.  From the slope of a 

linear plot between ln [A*/(A*-A] vs. t data mass transfer 

coefficient values were calculated .  Mass transfer coefficient 

values were found to increase linearly till about 200 rpm.  

After 200 rpm, the curve reached an asymptotic value of 

about 3.96 ×10
-5

 m s
-1

. As the speed of agitation during the 

reactive dissolution process was maintained at 400 rpm the 

rate of reaction between elemental mercury and NaOCl 

showed marginal dependence on speed of agitation.  

Interfacial transport of mercury to the liquid-liquid 

interface may be important during reaction between elemental 

mercury and sodium hypochlorite. Interestingly, no product 

of mercury gets extracted into the mercury phase- so mercury 

is always pure and there is no mass transfer resistance in the 

mercury phase. This suggests that the initial reaction occurs at 

the interface and the liquid-liquid film on the aqueous phase 

side does not play any role at all. As the reaction proceeds, 

hypochlorite concentration gradually decreases and that 

perhaps reduces rate of supply of hypochlorite to the 

interface. 

 

IV. CONCLUSION 

Detailed experimental studies were carried out to 

investigate the roles of global kinetics and interfacial mass 
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Alekhin et al. [16] reported elemental mercury solubility of 



  

transfer during oxidative dissolution of elemental mercury in 

aqueous sodium hypochlorite.  The reaction occurs at the 

liquid-liquid interface during the initial period of reaction, 

gradually the reaction shifts to a regime that is very close to 

instantaneous.  The global order of the reaction is close to 

unity suggesting that the reaction can be suitably modeled by 

pseudo-first order kinetics for design of an industrial reactor. 

NOMENCLATURE 

a = interfacial area (m
-1

) 

A = Concentration of elemental mercury (mol.dm
-3

) 

A* =solubility of elemental mercury in water (mol. dm
-3

) 

CNaOCL(0) = initial molar concentration of sodium 

hypochlorite t = 0 (mol.dm
-3

) 

CNaOCl = concentration of sodium hypochlorite in the 

solution at any time t (mol.dm
-3

) 

CHCl = concentration of hydrochloric acid added (mol.dm
-3

) 

CHg2+ = concentration of Hg
2
+ in the solution at any time t 

(mol.dm
-3

) 

E = activation energy for reaction (3) (kJ.mol
-1

) 

k = rate constant for reaction (3) (min
-1

) 

kL = mass transfer coefficient ( m.s
-1

) 

r = speed of agitation (rpm) 

n = order of reaction 

T = temperature (K) 

t = time (min) 

V = volume of reactor (dm
3
) 
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