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ABSTRACT 

There are several methods for treatment of various mercury bearing waste materials as 

hazardous wastes. Among these methods, thermal treatment is a promising technology for 

remediation of these wastes; however, the method requires an enormous amount of energy to 

reach the temperature above 600°C required for the treatment. In this investigation, a method for 

thermal treatment with the facilitation of MgCl2.6H2O was carried out on mercury contaminated 

waste produced by a chlor-alkali unit in a major petrochemical complex in southern Iran. The 

results showed that treatment of the waste for a period of 1 hour treatment at temperature of 

400°C, removed only 2.12% of the mercury from the waste and reduced the mercury content in 

Toxicity Characterization Leaching Procedure (TCLP) test above limitations. Adding 

MgCl2.6H2O to the waste before treatment under similar time and temperature (i.e. 1h at 400°C) 

resulted in a further reduction of the total mercury content in the waste and TCLP test in 

permissible concentration. Based on the results MgCl2.6H2O/Hgmolar ratio of 270:1 in the waste 

was the optimum dosage, while at this dosage, the residual mercury and TCLP reduced up to 

about 66% and 0.2 mg/l respectively. Therefore, it appears that adding Cl agent to the waste 

before treatment helps thermal treatment to decrease the mercury content, and make the final 

waste suitable for disposal in landfills. 
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INTRODUCTION 

Mercury is a naturally occurring element and 

belongs to heavy metals group. Due to its 

toxicity, mercury is responsible for environ-

mental contamination of soil, water, and 

atmosphere
1,2

. Mercury can be transformed 

into a toxic form of methylercury in aquatic 

ecosystems. This toxic compound can be 

bioaccumulated through food webs, causing 

toxicity and many other problems especially 

for human health
3
. Thus, there is a general 

consensus and also common effort to reduce 

production, emission and distribution of 

mercury throughout the world
1
. 

Mercury generally spreads in the environment 

from natural sources such as geologic 

activities, evaporation in terrestrial and marine 

environment
2
. The main source of mercury is 

weathering of mercury-bearing rocks on the 

Earth’s crust which can contribute to 

remobilization and increase of this element in 

the environment
2,4

. Anthropogenic sources of 

mercury in the environment includes emission 

of mercury by coal burning, mining activities, 

production of iron and non-ferrous metals, ore 

processing and small-scale gold mining, oil 

refining, dental amalgam, chlor-alkali industry, 

and vinyl chloride monomer, all accountable 

for mercury environ-mental contamination
2
. 

Mercury is consumed in many industrial proc-

esses including chlor-alkali industry where 

mercury cell technology is employed. The 

chlor-alkali is an electrochemical process for 

production of chlorine and sodium hydroxide 

from brine. Chlor-alkali plants operating in the 

petrochemical complexes are one of the major 

sources of mercury emission in Iran. Caustic 

wastewater sludge from such plant contains *Author for correspondence 
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Hg(I) chloride, Hg(II) chloride, and elemental 

mercury
5
. The mercury-bearing sludge is 

recycled onsite and reused in the electrolytic-

cell process. 
Mercury could cause various problems 
particularly is threatening to human health and 
its release into environment requires to be 
restrained

6
. The special chemical properties of 

mercury make it difficult to deal with using 
traditional waste disposal techniques. Thus, 
different treatment methods have been 
employed with varying degrees of success, 
including solidification/stabilization

7
, soil 

washing
8
, thermal treatment

9
, in-situ 

vitrification
10,11

, retorting
12

, phytorem-ediation, 
bioremediation

4
, electro remediation, nanote-

chnology, and immobile-ization
11

. Among 
these methods, US EPA recommends thermal 
treatment to treat high contaminated wastes 
(>260 ppm)

10
. 

Since mercury has a low boiling point and high 
vapor pressure, volatilization is one of the 
principal options for eliminating mercury from 
a contaminated waste

3
. Mercury exists as an 

elemental, organic, and inorganic mercury in 
different conditions

13
. The mercury speciation 

has a significant role in its removal from soil 
by thermal treatment. Hg(0) and Hg(I) require 
less than 200°C but residual mercury needs 
additional temperature treatment

14
. For 

instance, Huang et al., (2011) reported that a 
mercury bearing waste from a chlor-alkali 
plant successfully reduced its residual mercury 
from 1320ppm to 17ppm and 6ppm at 400°C 
and 550°C respectively after one hour 
treatment. However, the treated waste, 
contained more than permissible conce-
ntration of mercury

15
.  Based on EPA 

standards,  the effect of 400°C and one hour 
treating on mercury removal and leaching 
characterization reduction showed that this 
method reduced mercury amount and Toxicity 
Characterization Leaching Procedure (TCLP) 
to 100% and below <0.2 mg/l respectively

12
. 

Experimental tests have shown that treating 
contaminated soil at 600°C caused a severe 
change in physico-chemical characteristics and 
mineralogy of soil, resulting in an increase pH, 
dehydration of silicate clay minerals, and 
declination in organic carbon and nitrogen 
content in soil

16
. 

Ma et al., conducted thermal treatment of 

mercury-contaminated soil with FeCl3 at 

400°C for a period of one hour and were able 

to reduce mercury content of the soil in the 

FeCl3/Hg molar ratio of 100:1, while retaining 

most of the original properties of the soil
14

. In 

another test Ma et al., performing similar 

experiment using citric acid, reported that with 

the citric acid/Hg molar ratio of 15, the amount 

of mercury in the contaminated soil is reduced 

to 1.1 ppm while maintaining most of the 

physico-chemical characteristics of the soil. 

They reported that the most important 

advantage of this method was the reduction of 

the energy consumption by about 35%. It is 

important to mention that mercury is not 

destroyed in any treatment process, while it is 

only transferred to a different phase
17

. The 

retorting process, which is also a thermal 

treatment method, results in the recovery of 

elemental mercury by volatilization of mercury 

and subsequent vapor condensation
12,18

.  

The main goal of the present study is to 

investigate the effects of adding MgCl2.6H2O, 

as a chlorination, on treatment of a mercury-

contaminated waste from Mahshahr port chlor-

alkali plant. The effects are evaluated based on 

changes in the quantityof total residual 

mercury, and in leachability according to the 

US EPA Toxicity Characteristics Leaching 

Procedure (TCLP). The most important 

environmental concern in this unit is the 

mercury containing waste and other effluent 

from purification of brine. The mercury 

concentrations in the waste can reach limits 

which are certainly hazardous, leading to high 

environmental risks if the waste is not properly 

managed
5
. 

MATERIAL AND METHODS 

In chlor-alkali units for production of chlorine 

and other chemical products by brine 

purification, salts such as sodium carbonate, 

barium chloride, or sodium hydroxide is 

commonly used. Noticeably, these salts and 

their derivatives are found in the wastes 

produced by the plants. Thus, the wastes’ 

produced in these plants are varied in different 

plants.
5
 

The chlor-alkali unit of Mahshahr port 

Petrochemical Complex, located in Mahshahr 

port in southern Iran, and the required brine for 

chemical products is supplied from the sea 

water. This unit produces chlorine, hydrogen 

gas, sodium hydroxide and other products. In 
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this chlor-alkali unit, an electric current is 

applied through brine with a layer of liquid 

mercury as a cathode and titanium as an anode. 

The electro-chemical reaction separates the salt 

into chlorine and sodium; in this reaction, 

mercury combines with the sodium detaching 

it from the chlorine and forms chlorine gas and 

sodium amalgam. Sodium amalgam flows to a 

decomposer and reacts with the water in the 

presence of graphite forming sodium 

hydroxide and hydrogen gas. The diluted brine 

containing mercury is transferred to a tank to 

remove its impurity. This process creates a 

waste in a sludge form containing mercury. 

The wastes are collected in a sludge chamber 

in the form of mud. In order to recycle this 

sludge and the brine, a filter press filtrates the 

derived sludge from the unit.
5
 

Sample preparation 

In order to carry out this investigation, solid 

mercury-contaminated wastes were collected 

from Mahshahr port petrochemical chlor-alkali 

plant. Approximately 16 kg of waste were 

collected and the samples were transferred to 

the laboratory with no preservatives added in 

order to prevent volatilization of mercury. The 

collected samples were stored properly prior to 

characterization and the appropriate thermal 

treatment tests. 

Analytical Methods 

Waste samples were characterized prior to and 

after thermal treatment tests. Total conce-

ntration of mercury was determined using 

hydride generation atomic absorption. For pH 

determination  of the waste, a mixture of 20ml 

of waste and 40ml of reagent water (due to the 

hygroscopic characteristics of the waste, more 

than 20 ml reagent water is used) was prepared 

and stirred for about 5 minutes, and after 60 

minutes resting the pH was measured. For 

determining moisture by weigh difference 

analysis, three samples of the waste were 

prepared and heated at 100°C for 24 hours in a 

ceramic muffle furnace. 

According to the EPA, TCLP is a procedure 

for evaluating leaching toxicity levels in a 

waste. In this study, TCLP is measured to 

assess the waste resulting from thermal 

treatment. Based on this procedure, a 96.5ml of 

deionized water and 5g of waste sample in a 

250ml beaker is prepared. After 5 minutes 

stirring, the pH of the mixture was measured. 

If the pH value of the mixture is below 5.0, a 

fluid consisting acetic acid/acetate buffer 

solution is needed while for the pH values 

greater than 5.0, addition of 3.5ml HCl to the 

mixture is required with subsequent heating of 

the solution to 50°C for a 10 minutes period. 

Otherwise, a different extraction fluid comp-

osed of 5.7ml glacial CH3CH2OOH in one liter 

deionized water is required. If the pH of the 

cooled mixture is lower than 5.0, acetic 

acid/acetate buffer solution is needed. For this 

study, based on experiment, extraction by the 

second fluid was used.
19

 

Thermal treatment 

In the present investigation, thermal treatment 

method was employed in a retort kit under 

vacuum conditions. Based on our personal 

communication with the chemical engineers in 

the plants, retort is used to determine the 

quantity of liquids and solids in a drilling fluid 

in oil industry. In this apparatus,samples are 

placed in a cup and heated until the volatile 

parts are vaporized. The vapor is passed 

through a condenser and collected in a 

cylinder. A retort kit can heat samples up to 

900ºC and cool down at 25ºC. 

In each test, 44grams of prepared waste sample 

was analyzed using different amountof 

MgCl2.6H2O. The sample was indirectly 

heated. The total treatment time for each 

sample was one hour and the rate of increasing 

the temperature for all samples was 1°C/5sec. 

After heating of the samples, mercury vapor 

gas would flow into a condenser for 

transferring it into liquid mercury at 25°C. The 

resulting liquid mercury was collected in a 

tank. 

RESULTS AND DISCUSSION 

Waste characterization 

The waste was characterized as a brown sticky 

mud with a pH value of about 10. The average 

moisture content of the waste samples (based 

on ASTM D 2216-80
20

 was 73%. The waste 

material, contained significant amounts of 

mercury i.e. 570ppm (mg/kg) for the first 

sample,244ppm for the second sample, and 

6.13 for the third one. Each sample is collected 

from a specific place with different age, which 

is 1 day, 3 days, and a week, respectively. 
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Based on this information and considering the 

US Land Disposal Characterization, the waste 

can be classified as high mercury containing 

waste
10

. 

The average TCLP content of the waste 

samples is measured at 39.0 mg/l. This 

concentration is much higher than the 

allowable limit for waste which is set at 0.2 

mg/l according to the US Land Disposal 

Characterization (see Table 1) Hence, the 

waste is categorized as a hazardous waste 

which requires treatment prior to disposal
10

. 

Some of the general characterization of the 

waste is summarized in Table 1. 

Table 1 : Measured parameters in the waste samples 

Character The average content Standard References 

Total mercury 515 ppm SW-846-7471A             21 

TCLP 39.0 mg/l SW-846-7470A             22 

Moisture 73% ASTM D 2216-80             20 

pH 10 SW-846-9045             23 

Thermal treatment without MgCl2.6H2O 

Thermal treatment of mercury contaminated 

waste requires an enormous amount of energy 

making the procedure undesirable. Conse-

quently, other procedures have to be tested to 

find a method to reduce the required tempera-

ture and energy and increase the efficiency of 

the method as well. In this study, MgCl2.6H2O, 

as a chlorination, is employed in order to treat 

the waste in low temperature. The waste 

samples were tested under two separate sets of 

conditions in order to investigate the effects of 

MgCl2.6H2O on the waste before thermal 

treatment and its impact on mercury removal 

after the completion of the test. 

First, the effect of one hour treating of the 

waste samples at 400°C on the thermal 

treatment of the mercury-contaminated waste 

was investigated without adding any additive. 

The waste sample, initially and before 

treatment, consisted of 6.13ppm mercury. 

Since the waste is comprised hardly volatile 

species, this procedure reduced the mercury 

content of the waste by only 2.12%. The result 

shows that the mercury is not removed by a 

significant amount in one hour at 400°C and 

appears to require further treatment. 

Thermal treatment with MgCl2.6H2O 

MgCl2.6H2O is a chloridizing agent used for 

converting hardly volatile species to easily 

volatiles. In order to decompose hardly volatile 

species of mercury, temperature of about 

600°C to 800°C have to be employed while the 

volatile species which are easier to decompose 

require  lower temperatures. Therefore,  one  of  

the major drawback of thermal treatment is 

high energy consumption.  To reduce the 

required temperature in thermal treatment of 

hardly volatiles, a chloridizing agent such as 

MgCl2.6H2O could be used to convert the 

hardly volatile species to easily volatile 

species
14

. When these compounds experience 

400°C, HCl is formed which converts hardly 

volatile species to easily volatile ones.
24

 

According to Roca et al (1990), MgCl2.6H2O 

in temperatures range between 220°C and 

287°C is partially decomposed and formed 

HCl.
24

 

MgCl2.6H2O (s) → Mg(OH)Cl(s) + HCl(g) + 5H2O(g) 

The HCl, reacts with the hardly volatile metal 

(HgS) and forms metal chloride compounds 

(Hg2Cl2 and HgCl2)with low boiling point.
24

 

½HgS+HCl(g)+¾O2(g)→½HgCl2(s)+½SO2(g)+½H2O(g) 

HgS+HCl(g)+1.25O2(g)→½Hg2Cl2(s)+SO2(g)+½ H2O(g) 

In this part of experiment the effects of adding 

MgCl2.6H2O to the waste before thermal 

treatment of mercury-contaminated waste in 

one hour treating at 400°C is investigated. The 

wastes were treated with various molar ratios 

of MgCl2.6H2O to mercury at 50, 200, 214, and 

428. The concentrations of MgCl2.6H2O for 

each sample were 12.27, 49.54, 123.63, and 

247.27 g/kg respectively. Table 2 shows 

residual mercury amount prior and after 

treatment under the given conditions. 

Based on the capacity of the sample holder, 

44grams of the waste sample was prepared for 

each test. Prior to each test, the initial amount of 

mercury was analyzed showing that the prepared 

samples contain 244 and 570 ppm mercury. 
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The amount of mercury did not reduce 

significantly for the first sample tested without 

any additive (2.12%). However, for the other 

four samples tested with the additive this 

amount reduced as the additive increased. In 

the second sample (S50) tested with the molar 

ratio of 50 the amount of mercury reduced 

slightly (18.93%) while in the S200, S214, and 

S428 this amount reduced further to 41.97%, 

64.12%, and 74.58% respectively. 

Table 2 : Effect of adding MgCl2.6H2O on removal efficiency 

Sample name 
Molar ratio 

(MgCl2.6H2O/Hg) 

Initial mercury 

(ppm) 

Residual mercury 

(ppm) 

Removal 

efficiency (%) 

S0 0 6.13 6.0 2.12 

S50 50 244 197.8 18.93 

S200 200 244 141.6 41.97 

S214 214 570 204.5 64.12 

S428 428 570 144.9 74.58 

 

Fig. 1 : Effect of MgCl2.6H2O addition on the thermal treatment of mercury in the waste under 

given conditions. 

The chloride agent (MgCl2.6H2O) at 400°C is 

decomposed and formed hydrogen chloride 

(HCl). The produced HCl reacts with the 

mercury contaminated waste and forms 

mercury chloride which is volatile at 400°C. 

Mercury chloride under 400°C temperature is 

decomposed and subsequently mercury 

volatilized from the waste. This explains the 

cause of reduction in the waste after thermal 

treatment with MgCl2.6H2O (see Fig.1). As the 

molar ratio passes 200 the amount of residual 

mercury reduces slightly suggesting 200:1 ratio 

was an optimum dosage ratio under the given 

experimental conditions. The results of these 

experiments correspond closely to the results 

which Ma et al. (2014
14

 and 2015
17

 reported 

about treatment of a mercury-containing soil in 

low temperatures by adding FeCl3 and citric 

acid respectively. 

The Fig. 1 also shows that adding less than 50 

units (molar ratio) of MgCl2.6H2O to the waste 

has no significant effect on the treatment. This 

happens because low amount of hardly volatile 

parts engages with the chlorination and forms 

easily parts and huge amount of them remains 

in their hardly volatile shapes. 

Leachability of the treated waste 

The leachability of treated waste is measured 

based on EPA regulations. Table 3 shows 

TCLP results after one hour treating at 400°C 

with and without adding MgCl2.6H2O and       

Fig. 2 shows that the leachable Hg decreases as 

y = -0.000x2 + 0.316x + 2.668

R² = 0.946
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MgCl2.6H2O increases. Treatment of the waste 

with MgCl2.6H2O concentration of more than 

247.27ppm (molar ratio of 428) decreased 

mercury leachability in the residue to less than 

allowable TCLP content based on EPA 

regulations. As explained before the Cl agent 

causes reduction in the amount of residual 

mercury after one hour of treatment. 

Consequently, this   reduction in the amount of  

mercury in the waste leads to reduction of total 

mercury in TCLP test similar to Fig. 2. Based 

on the equation in the Fig. 2 about 270 units of 

MgCl2.6H2O is required to reduce the amount 

of residual mercury in the TCLP test to fulfill 

the land disposal characterization. By adding 

270 units of MgCl26H2O to the waste the total 

amount of mercury is reduced close to 66% 

based on the equation presented in  Fig. 2. 

Table 3 : TCLP results after 1h treating at 400 °C with and without MgCl2.6H2O 

Sample # Molar ratio (MgCl2.6H2O/Hg) TCLP (mg/l) 

S0 0 26.3 

S50 50 16.2 

S200 200 7.3 

S214 214 6.5 

S428 428 0.002 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 : Effect of MgCl2.6H2O addition on TCLP under given conditions 

CONCLUSION 

A mercury-contaminated waste from Mahshahr 

port chlor-alkali plant in southern Iran was 

investigated. The thermal treatment was applied, 

for treating the waste at 400°C with and without 

MgCl2.6H2O. The results showed that without 

adding additive, the treatment procedure at 

400°C is unsuccessful showing no significant 

removal of the mercury from the treated wastes.  

However, by addition of the chloridizing agent 

(i.e. MgCl2.6H2O) to the treatment procedure, the 

amount of residual mercury could be reduced 

close to 75%. Also, the results showed that the 

molar ratio   of   MgCl2/Hg at 200 is the optimum  

molar ratio for reducing mercury in this waste 

and adding less than 49.5ppm (molar ratio of 50) 

MgCl2.6H2O does not have any significant effect 

on the removal procedure. Moreover, the 

leachability charact-eristics of the waste reduced 

to values below the permitted level by this 

procedure at the molar ratio of 270. This result 

illustrated that in order to fulfill land disposal 

limitations the MgCl2.6H2O should be added 

close to molar ratio of 270. 
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