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Abstract 
 
THIOPAQ® technology, developed and marketed by PAQUES Bio Systems B.V. in Balk, 
Netherlands, was first applied commercially in 1992 for the treatment of contaminated groundwater 
at the Budelco zinc refinery in the Netherlands.  In its most basic form, a THIOPAQ® system 
essentially consists of two biological process stages in series: (i) sulfate reduction to sulfide 
(anaerobic stage), and (ii) sulfide oxidation to elemental sulfur (aerobic stage). In practice, many 
process variants exist and the THIOPAQ® process can be tailored to a host of applications in the 
mining and metallurgical industries, ranging from the treatment of acid mine drainage to acid plant 
blowdown.  Sulfate may be (partially) replaced by sulfite ion in scrubber solution obtained by washing 
SO2-containing gases of insufficient strength for processing in a sulfuric acid plant.  The biogenic 
sulfide produced can be employed for the chemical precipitation of metals in solution either inside the 
anaerobic bioreactor or in a separate vessel. 
 
Since the solubilities of most metal sulfides are much lower than of their respective hydroxides, 
considerably lower effluent metal concentrations can be achieved with THIOPAQ® systems than in 
neutralization processes which immobilize metals predominantly by hydrolytic precipitation.  
Moreover, the compact metal sulfide precipitate formed may be reprocessed at an appropriate stage 
in the flowsheet of a smelter or a refinery. 
 
In recent years, PAQUES has made significant advances in the design, construction and operation 
of aerobic and anaerobic bioreactors for aqueous metal-sulfur systems.  In addition, the company 
has diversified its technology portfolio in order to be able to treat more complex solutions and to allow 
the development of process oriented applications of THIOPAQ® technology.  A new PAQUES 
designed plant at Budelco treating acidic sulfate bleed streams and process water will be 
commissioned this year.  In the new THIOPAQ® installation at Budelco, sulfate reduction will be 
carried out in a 500 m3 reactor to which hydrogen will be added as the electron donor. The biogenic 
sulfide produced will be used to precipitate ZnS, which will be returned to the roasters. 
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Introduction 
 
PAQUES Bio Systems’ core technology, marketed under the name THIOPAQ®, consists of 
different high-rate biological processes for metal-sulfur-water systems complemented with 
common solid/liquid and gas separation steps.  THIOPAQ® installations have been designed to 
treat solutions of varying composition containing sulfate, sulfite, thiosulfate and (poly)sulfide as the 
sulfur species.  High conversion rates are achieved by maintaining elevated concentrations of 
naturally occurring bacteria in the bioreactor.  This is achieved by separating the hydraulic and 
solids retention times in the reactors. 
 
In this paper, THIOPAQ® systems for the treatment of metal sulfate solutions and dilute SO2 gases 
will be described. Although THIOPAQ® installations can be designed so as to produce 
predominantly aqueous (NaHS) or gaseous (H2S) sulfide, the emphasis here will be on hydrogen 
sulfide gas. 
 
Technology Description 
 
Sulfate Reduction 
 
Sulfate reduction is quite a special process: it is not possible to reduce SO4

2- under (near) ambient 
conditions in the absence of microorganisms. The implications of this fact are very important to the 
metallurgical industry.  For instance, it would be impossible to electrodeposit zinc, copper, nickel 
and cobalt at a cathode if sulfate contained in the electrolyte would be reduced at its reversible 
potential. 
 
The reduction of sulfate ion to sulfide (by bacteria) is an electrochemical process.  In order to 
supply the electrons needed for the conversion reaction, a reductant (electron donor) needs to be 
added. Examples of suitable electron donors for small-scale THIOPAQ® installations are ethanol 
and various fatty acids. 
 
For large-scale applications - more than ≈2.5 tonnes of hydrogen sulfide produced per day - 
hydrogen gas is preferably used as the reductant. Hydrogen gas can be produced on site (if not 
already available) by cracking methanol or by steam reforming natural gas or LPG. In hydrogen 
reactors, some CO2 is typically mixed in with the H2 fed to the bioreactor for pH control. 
 
The choice for the type of reductant is not only dependent on the S-load to be processed but 
certainly also on the geographical location of the installation, reagent availability and cost, etc. 
When ethanol is used, the operating expenditures are higher than with hydrogen gas, but the 
investment costs are lower since no reformer is required. 
 
Ethanol is first converted into acetic acid and hydrogen by the bacteria: 
 

CH3CH2OH + H2O → CH3COOH + 2 H2   [1] 
 
Both the hydrogen and the acetic acid formed in reaction [1] are consumed in the sulfate reduction 
process. The main reaction that occurs in an anaerobic sulfate reducing reactor operated with 
hydrogen gas is: 
 

H2SO4 + 4 H2 → H2S + 4 H2O    [2] 
 
An adapted CIRCOX gas-lift loop reactor is used to ensure optimum mixing and mass transfer of 
hydrogen from the gas to the aqueous phase. In addition to the hydrogen feed, gas recycled from 
the top of the reactor is reinjected at the bottom to enhance the gas to liquid transfer of H2. A 
specially designed 3-phase separator at the top of the reactor safeguards biomass retention while 
enhancing gas/liquid separation. 
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The bacteria grow into aggregates with favorable settling characteristics. Due to growth, excess 
biomass must be periodically removed from the bottom of the reactor. 
Metal Sulfide Precipitation 
 
The hydrogen sulfide present in the reactor gas (3-15% v/v) can be employed for the precipitation 
of metals by contacting it with the solution to be treated.  Compared to the addition of a NaHS or 
Na2S solution an obvious advantage with the use of H2S is that no sodium ion is introduced to the 
precipitation circuit. 
 
Careful control of the pH and the oxidation/reduction potential (ORP) of the process liquid 
contacted with the hydrogen sulfide allows the selective recovery of metals.  Thus, sulfide 
precipitation makes it possible to separate copper from zinc, arsenic from copper, iron from nickel, 
etc., in multiple reaction stages at different pH values. 
 
Alternatively, metals may also be precipitated inside the anaerobic bioreactor.  The pH in the 
reactor is maintained at a value in the 6-8 range and the ORP is very low due to the action of the 
bacteria.  Considering that under those potential-pH conditions the predominant sulfur species is 
bisulfide ion, metals entering the reactor will instantaneously precipitate as sulfides. 
 
Sulfide Oxidation 
 
If only part of the biologically produced hydrogen sulfide is employed for metal recovery, the 
remaining portion is biologically converted to elemental sulfur in the aerobic reactor: 
 

H2S + ½ O2 → S° + H2O     [3] 
 
The biological sulphur formed is hydrophilic and consists of agglomerates of sulphur particles that 
settle well. 
 
THIOPAQ® as an Alternative to Lime Treatment 
 
The THIOPAQ® process for biological sulfate removal can be summarized by the following 
equation: 
 

H2SO4 + 4 H2 + ½ O2 → S° + 5 H2O    [4] 
 
Equation [4] clearly shows that in theory an acidic sulfate solution can be completely neutralized by 
converting sulfuric acid to elemental sulfur without the addition of alkali.  In practice, only a small 
alkali make-up flow is required. 
 
Sulfate reduction will significantly lower the operational costs for solution treatment: fewer 
chemicals are consumed, less (bulky) gypsum-metal hydroxide residue has to be disposed of or 
processed pyrometallurgically, and credits can be assigned to the availability of cheap biogenic 
sulfide on site.  Excess hydrogen sulfide is converted to elemental sulfur which can be used for 
fertilizer production, burned to sulfuric acid, or added to a pyrometallurgical process. 
 
Depending on the quantity of metals present in solution and process needs, metal sulfide 
precipitation can be carried out upstream from the THIOPAQ® system or inside the bioreactors. 
Metals can be precipitated prior to entering the anaerobic reactor by mixing a portion of the 
effluent of the anaerobic reactor with untreated feed solution.  Selective recovery of the metals (in 
multiple stages) is also possible.  As the solubility of metal sulfides is much lower (ppb level) than 
the solubility of the respective metal hydroxides, significantly lower metal discharge standards can 
be met as compared to lime treatment.  Moreover, lime treatment cannot reduce the sulfate 
concentration below 1,500 mg/L, whereas biological treatment results in sulfate concentrations 
<300 mg/L.  In addition, the metal sulfide precipitate is less voluminous resulting in lower disposal 
costs.  Finally, the precipitated (mixed) metal sulfide/sulfur sludge can be recirculated to the front-
end of a sulfide smelting or refining operation, provided there are other outlets (slag, fumes, bleed) 
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for the impurities it contains.  In this way the need for disposal is obviated altogether. 
 

 
Sulfate Reduction - Industrial Installations 
 
THIOPAQ® installations for sulfate reduction and metals recovery are currently in operation in the 
electronics, chemical, and metallurgical industries.  In this section, the key metallurgical 
installations will be briefly discussed. 
 
Budelco I 
 
At the Budelco zinc refinery in Budel-Dorplein, Netherlands, a THIOPAQ® system processing 
approximately 300 m3/h of polluted groundwater has been in operation since 1992 (1).  Its 
products, a metal sulfide pulp (mainly consisting of ZnS) and a sulfur slurry, are fed back to the 
roasters.  The system has consistently satisfied its discharge design criteria, some of which are 
shown in Table I. 
 

Table I Selected Influent Concentrations and Effluent Design Criteria  
of the Existing THIOPAQ® Installation at Budelco 

 
Ion Influent (mg/L) Effluent (mg/L) 
Sulfate 600 200 
Zinc 30 0.15 
Cadmium 0.8 0.01 

 
The capacity of the installation will be increased to 400 m3/h this year, and the feed will be 
changed to a mixture of groundwater and process water. 
 
Kennecott 
 
Kennecott Utah Copper (KUC) operates a vast, integrated mine-mill-smelter-refinery complex in 
Bingham Canyon, Utah, USA, producing over 270 kilotonnes of copper annually.  Since 1995, 
PAQUES and Kennecott have been engaged in a joint development program to assess 
THIOPAQ® sulfate and metal removing technology using hydrogen as the electron donor.  A 
demonstration plant equipped with a 5 m3 hydrogen reactor was in operation until recently.  This 
plant can be divided into two sections: 
 
1. Biological H2S Production.  In this part of the installation, SRB, using hydrogen as the electron 
donor, converted sulfate ion contained in the feed to hydrogen sulfide.  A portion of the NaHS 
effluent and H2S gas was utilized for the chemical precipitation of base metals, whereas aluminum 
and calcium/magnesium were precipitated as hydroxysulfate and carbonates, respectively, using 
the alkalinity produced in the oxidation of excess sulfide in the aerobic reactor. 
 
2. Copper Recovery from Leach Water.  The H2S-containing gas from the anaerobic reactor was 
directed to a gas/liquid contactor.  In this vessel, the hydrogen sulfide reacted with copper ion 
present in a dilute waste rock leachate. The copper sulfide precipitate was removed from solution 
in a clarifier and returned to the smelter. 
 
Figure 1 is a schematic of the demonstration plant process. 
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Figure 1 Simplified Flow Diagram of the THIOPAQ® Demonstration Plant at Kennecott 
 
“Plume” water, a contaminated groundwater stream with high levels of sulfate and metals was 
typically fed at a flowrate of 0.2 m3/h. The concentrations of metals and sulfate were greatly 
reduced in the THIOPAQ® process, whereas the solution pH was increased from 2.5 to 8.5 without 
the addition of an alkali.  The effluent of the aerobic reactor, which contained only 15% of the total 
dissolved solids (TDS) content of the influent, was of irrigation water quality. 
 
The biologically produced hydrogen sulfide gas was employed for the selective recovery of copper 
from a dilute leach water stream currently treated by cementation.  Copper was almost 
quantatively recovered from this stream which was fed to the demonstration plant at a flowrate of 
up to 4 m3/h. 
 
Typical demonstration plant results are presented in Table II and Table III. 
 

Table II Influent and Effluent Data for Groundwater Treated Biologically 
in the THIOPAQ® Demonstration Plant at Kennecott 

 
Ion Influent (mg/L) Effluent (mg/L) 
Sulfate 30,000 < 500 
Copper 60 < 0.1 
Iron 675 < 0.3 
Zinc 65 < 0.1 
Manganese 350 0.3 
Aluminum 2,200 < 2 
Calcium 480 50 
Magnesium 4,500 1,950 
pH 2.5 8.5 

 
Table III Influent and Effluent Data of Leach Water Treated for Selective Copper Recovery 

in the THIOPAQ® Demonstration Plant at Kennecott 
 

Ion Influent (mg/L) Effluent (mg/L) 
Copper 180 < 0.3 
Iron 380 379 
Zinc 200 199 
pH 2.6 2.2 
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Budelco II 
 
A new PAQUES sulfate reduction process will be started up at Budelco this summer. The new 
THIOPAQ® installation will be treating several bleed streams and process water. Sulfate reduction 
will be carried out in a 500 m3 reactor to which hydrogen is added as the electron donor. The 
biogenic sulfide produced will be employed to precipitate ZnS, which will be returned to the roasters. 
 
Sulfate Reduction - Opportunities 
 
Introduction 
 
There are many opportunities for THIOPAQ® technology in the mining and metallurgical industries. 
 However, it will take a change in the mentality of metallurgists and managers alike to accept 
biotechnology and to recognize the benefits of biocatalyzed processes for their operations. 
 
For instance, it is a common misconception that biotechnological systems are not suitable for 
applications with elevated concentrations of (toxic) metals and metalloids in solution: in a 
Kennecott-type installation the bulk of the metal values is precipitated in the mixing tank ahead of 
the bioreactors by recirculating anaerobic (and aerobic) effluent. When sulfide precipitation is 
carried out inside a sulfate reducing anaerobic bioreactor, the combination of the neutral pH inside 
the reactor and the excess sulfide present will “knock out” any metals upon their introduction to the 
reactor. On the bio-oxidation side it is worth mentioning that bacteria can sustain metal 
concentrations equivalent to those encountered in pregnant (Cu, Zn, etc.) electrolyte. 
 
THIOPAQ® in Combination with Lime Treatment 
 
The value of the dissolved metal(s) permitting or environmental standards warranting, liming 
circuits treating wastewater or acid mine drainage (AMD) could be retrofitted with a sulfide 
precipitation stage upstream from the neutralization tanks.  The sulfide required for metal 
precipitation could be produced in a bioreactor producing NaHS or H2S from sulfate ion present in 
solution or from an external sulfur source such as dilute sulfuric acid.  In this way, chemical-grade 
instead of waste gypsum may be produced (2). 
 
Bleed Treatment 
 
PAQUES’ biotechnology is well suitable for the processing of scrubber bleed streams, for instance 
copper smelter wet gas cleaning bleed containing high levels of sulfuric acid, arsenic, mercury, 
selenium and other contaminants that are volatilized in the smelter or mechanically entrained in 
the gas.  The possibility of (partially) replacing the liberator circuit for bleed treatment at primary 
and secondary copper refineries by sulfide precipitation processes are currently being investigated 
at PAQUES.  In hydrometallurgical zinc circuits, THIOPAQ® technology can be applied for bleed 
treatment, but also for the scavenging of residual zinc from the end-solution from a basic zinc 
sulfate (BZS) precipitation circuit. 
 
Sulfur Dioxide Removal 
 
Background 
 
In the early ‘90’s, PAQUES and Hoogovens Technical Services demonstrated the technical and 
economic viability of a THIOPAQ® process for SO2 removal from dilute waste gases.  Originally 
developed for the biological desulfurization of coal fired power plant flue gas, the Bio-FGD 
technology has recently gained considerable interest from the metallurgical industry.  Especially in 
Europe and North America, this industry is facing more and more stringent regulations with regard 
to plant hygiene and environmental discharge criteria.  Thus, in many locations, dilute SO2 gases 
cannot be discharged into the atmosphere anymore. 
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Sources of Dilute Sulfur Dioxide Gas 
 
Three important sources of dilute SO2 gases in the non-ferrous metals industry are: 
 
1. Primary Smelters.  The generation of large volumes of dilute SO2 gases, in addition to the rich 
SO2 process gases from smelting and converting from which sulfuric acid is produced, is an 
inherent feature of non-ferrous primary metals smelters, particularly copper and nickel smelters.  
Large volumes of dilute SO2 gas are generated during converting and/or emanate from other 
sources as fugitive emissions.  In addition, the intermittent nature of some of the process steps 
(e.g. furnace tapping, convertor hooding, electric furnace slag cleaning, anode furnace operation) 
causes SO2 peaks to occur at regular intervals. 
 
2. Acid Plant Tail Gas.  Some existing primary smelters still only have single-contact acid plants, 
generating tail gases with SO2 contents as high as 5,000 mg/Nm³.  Rather than retrofitting the 
facility to a double-contact acid plant, a wet SO2 scrubber is often added onto the existing 
operation. 
 
3. Secondary Smelters.  In secondary copper smelters, during the reducing-smelting stage, the 
sulfur content of the charge is largely transferred to the black copper.  Subsequently, during the 
converting of the black copper, its sulfur content is released as SO2, resulting in a dilute SO2-gas 
with a variable SO2 concentration.  The non-availability of a sulfur dioxide removal step puts clear 
limits on the composition of the feed materials to most secondary copper smelters. 
 
Secondary lead smelters which practice whole-battery smelting in a blast furnace or reducing-
smelting of battery paste also produce gases with too high a SO2 content to be released into the 
atmosphere without some form of treatment. 
 
Conventional Treatment of Dilute Sulfur Dioxide Gas 
 
In order to cope with environmental regulations, SO2-bearing gases have to be treated not only for 
particulate removal, but also to remove the SO2 concentration below the required level.  Most of 
the commercial processes available to remove SO2 from dilute gas are based on lime/limestone 
wet scrubbing, producing large amounts of gypsum, which is frequently contaminated with heavy 
metals.  In addition, operating problems due to scale formation are frequently encountered.  Dry 
lime based sorption processes are also being used, but these tend to be inefficient resulting in 
high lime consumption and the generation of large amounts of residue. 
 
Wet SO2 scrubbing processes based on other absorbents than lime, such as sodium alkalis, Al2O3, 
MgO or NH3 can only be implemented economically if there is an end-use for the scrubbing 
product or if the absorbing agent can be regenerated (with lime), provided the scale of operation 
be sufficiently large. 
 
Biological Treatment of Dilute Sulfur Dioxide Gas 
 
A THIOPAQ® system for the treatment of a dilute SO2 gas stream would produce sulfide ion for 
the precipitation of heavy metals and/or elemental sulfur which could either be dumped, sold or 
returned to the smelter.  As shown in Figure 2, it would be comprised of a scrubber, a precipitation 
reactor, an anaerobic reactor, an aerobic reactor and S/L separation stages. 
 
The scrubber would be an open spray tower or, the dust load permitting, a packed column.  It 
would require almost no caustic make-up since the SO2 contained in the gas would be dissolved 
as bisulfite ion by contacting it with the bicarbonate overflow solution from the settler: 
 

SO2 + NaHCO3 → NaHSO3 + CO2    [5] 
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Any SO3 present in the gas would also be washed out according to the reaction: 
 

SO3 + 2 NaHCO3 → Na2SO4 + 2 CO2 + H2O   [6] 
 
Whereas in the conventional, lime based wet scrubbing systems sulfite oxidation to sulfate is a 
desired feature, there is no need for the sulfite to be oxidized in a THIOPAQ® installation.  Indeed, 
the conversion of sulfite to sulfide is faster than the reduction of sulfate and also requires less 
reductant. 
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Figure 2 Schematic Drawing of a THIOPAQ® System for SO2 Removal 
C1 = Scrubber, T1 = Precipitation Reactor, R1 = Anaerobic Reactor, R2 = Aerobic Reactor 

 
The extent of sulfite oxidation to sulfate, although hard to predict, is largely dependent on the 
oxygen content of the gas and the type and concentration of metals present.  Furthermore, it is 
noted that the large gas flows encountered in the metallurgical industry primarily have an impact 
on the size and/or efficiency of the scrubber: the bioreactor is designed on the basis of the sulfur 
load contained in the gas. 
 
In the anaerobic (hydrogen) reactor, bisulfite ion would be reduced to bisulfide according to the 
reaction: 
 

NaHSO3 + 3 H2 → NaHS + 3 H2O    [7] 
 
If sulfate is present, it would be reduced as follows: 
 

Na2SO4 + 4 H2 → NaHS + NaOH + 3 H2O   [8] 
 
The bisulfide could be (partly) stripped from solution as H2S for the precipitation of metals.  The 
balance of the sulfide would be oxidized to elemental sulfur: 
 

NaHS + ½ O2 → S° + NaOH     [9] 
 
The MeS precipitate and the S° residue could either be disposed of, sold or returned to the 
smelter. The build-up of inert species such as halides (fluoride, chloride) in solution can be 
prevented by bleeding off a portion of the recirculating caustic solution. 
 
The biological process has proven robust and resistant against dust and heavy metals in the flue 
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gas.  The capital and operating costs of the THIOPAQ® process are comparable to modern high-
efficiency lime scrubbing systems.  Scrubber availability is higher because there is no risk of 
scubber plugging by precipitating solids.  Additional savings can be achieved through the use of 
the hydrogen sulfide or sulfur product, and credits can be assigned to the reduced costs for 
materials handling and disposal. 
Conclusion 
 
In this paper, several high-rate, biohydrometallurgical THIOPAQ® processes were presented and 
discussed with emphasis on sulfate reduction, sulfide production, metal sulfide precipitation and 
the treatment of off-gases with low SO2 concentrations.  Several potential commercial applications 
of the versatile THIOPAQ® technology were also addressed. 
 
The application of THIOPAQ® technology for the processing of wastewater or bleed streams can 
offer plant operators significant economic and environmental benefits and an opportunity to 
minimize the generation of waste materials.  When sulfide production is the main goal, THIOPAQ® 
technology enables metallurgical facilities to produce sulfide on site, on demand, at low cost and in 
the safest way possible. 
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