
contaminated soils were collected in a lined holding pond. A system consisting of a combination

of chemical treatment and membrane filtration was implemented to treat the contaminated

discharge.

The system consisted of three chemical pretreatment steps followed by membrane filtration. The

study does not provide detailed information on the membrane step but from the results it seems

that RO or a tight NF membrane was likely used.

The first two steps involved the precipitation of the radioactive elements, uranium and radium

and the removal of arsenic and selenium using reduction and co-precipitation followed by

settling. In the third pretreatment step, the remaining metals were precipitated by lime addition.

The stream was further polished and treated by membrane filtration. The treatment system

consistently met the discharge limits of the time and a flux of 250 US gal ft-2 membrane area per

day (425 L ^-') was maintained for a 200 US gpm unit design. Table 8.10 provides the

concentrations of the different species in the three membrane streams. No capital or operating

cost data were reported in the study.
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Metals and
other Assavs

Concentration (mg/L)

Groundwater Feed Concentrate Permeate
Discharge

Limit.

Ra 690 r .00 3.60 0.6 3.00

U 1 3 6.40 2.60 0.001 2.00

Ag 0.03 0.03 0.01 0.01

Cd l 2 0.076 0.012 0.01 0.20

Cr J . ) 4.60 5.40 0.06 U.U)

Cu t6 2,00 2.00 0.03 0.20

Fe 14.80 3s0 0.04 3.00

Mn r .6 l 1 .70 0.02 4.00

Ni 1 8 0.21 0.  l3 0,06 0.20

Pb t2 r .00 1 , 0 0 , 1 0 0.20

Zn 2 0 . 1 6 6.80 0.008 0.40

Se 36

As l 0

pH 6-8 6-8 l 0 6-9 6-9

TSS 20-3,000

TOC l 3

Table 8.10. Maximum groundwater contaminant levels and membrane treatment results at
Canonsburg, UMTRA site (Tiepel and Shorr, 1985).

Monthly average discharge limit; pCi/L; data not reported
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8.5. Black Hawk Colorodo pilot

Ultrafiltration ceramic and polymeric membranes were used to clean-up the acidic
drainage/heavy metal contamination (Stewart et al." 1997\.

Site descrintion

Since the late 1850's, the areas around the towns of Black Hawk and Central City, Colorado,
have been mined for gold, silver, lead,, zinc and copper. In the late 1980's, the area was classified
as a Superfund site by the US Environmental Protection Alency. Early placer mining, followed
by underground mines resulted in the disposal of large volumes of waste rock and tailings over a
large and wide area. This resulted in the discharge of heavy metals from the waste rock and mine
tailings stored atthe area into the surface water streams. over 800 abandoned mines and tunnels
still exist in the area and many are still discharging acidic mine water containing high
concentrations of heavy metals.

Process description

The goal of the study was to identify an efficient and cost-effective treatment system for the
removal of heavy metals without the expense of a clarifier system. Due to the site constraints, a
system with a minimized footprint was also required. A comparison was made between a
conventional clarifier, a ceramic membrane system and a polymeric membrane system. The cost
data from the study were norm alized, to a 250 US gpm sized system for the purposes of
comparison.

The first system consisted of a general clarification step with pH adjustment followed by
flocculation and sedimentation in a rectangular clarifier. This system was able to remove
approximately 70-80% of the heavy metals but required a large land area in order to
accommodate the required retention times for coagulation/flocculation and sedimentation.

The second system was a polymeric membrane system that had a footprint of only I0%o of that
required for the conventional system. This system had significantly better performance than the
first system with removal rates of over 90Yo. After several months of operation the polymeric
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membranes became brittle and failed. The system throughput was 10 US gpm and the trans-

membrane pressure was 35-40 psig. No information was provided on the system maintenance

requirements. Any pH adjustment was made prior to the membrane skids and the concentrate

stream was neutralized and the sludge was pressed and landfilled.

The third system was a tight ceramic MF membrane system developed by BASX systems with a
pore size of 0.2 pm. The system was more robust than the polymeric system and yielded heavy

metals removal of over 99o/oin most cases, and the operating costs were reduced by 30%. The

system throughput was 10 gpm and the trans-membrane pressure was 35-40 psig. Table 8.11

shows the heavy metal removal efficiencies of the three described processes.

Process economics

The capital costs calculated and presented here were calculated over a 10-year life of the system.

The reported values are the present value for 1997 and the cost data as mentioned earlier were

normalized to represent a250 US gpm system. It should be noted that the capital and operating

costs could vary widely based on the effluent stream conditions and compositions as well as the

site conditions. Table 8.12 provides the capital and operating costs of the three systems that were

tested.
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Table 8.11. Heavy metal removal efficiencies of the processes tested at Black Hawk, Colorado.

Process Metal Removal Efficiency (%)

Clarifier

Cadmium 0-85

Chromium > 9 9

Lead 90-95

Manganese 0-3

Zinc 0-90

Polymeric Membrane
System

Cadmium 8s-95

Chromium >gg

Lead >99

Manganese 50-80

Zinc 8s-95

Ceramic Membrane
System

Cadmium 90-99

Chromium >99

Lead >gg

Manganese 70-90

Zinc 90-95
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Capital Costs ($US)

I Ceramic
Cost ltem I Membrane

I System

I Conventional Treatment
Polymeric I
Membrane I ("oagulation/flocculation/

Svstem I" 
I sedimentation) System

Estimated capital costs for a
250 gpm treatment plant 1,900,000 1,800,000 4,200,000

Annual Operating Costs ($US)

General building and
equipment maintenance 20,000 20,000 100,000

Treatment chemicals 60,000 78,000 255,000

Sludge disposal 20,000 20,000 25,000

Operator labor 30,000 90,000 120,000

Monitorins costs 18,000 18,000 18,000

Power costs for pumping 80,000 80,000 0.0

Membrane replacement cost 0.0 100,000 0.0

Contingency (15%) 34,200 60,900 77,700

Total costs 262,200 466,900 569,800

Present value annual costs
(1997) for the l0 year life of
the plant

1 , 6 1 1 , 1 0 5 2,g6g,ggg 3,660,319

Table 8.12. Comparative capital and operating costs for treatment of AD at Black Hawk,
Colorado.

The cost data show that even if an investment had been made in a conventional system, a switch
to ceramic membrane system would result in a lower cost over the 10 year life of the system.

8.6. Debiensko Coal Mines, Katowice, poland

Mine water treatment and recovery for zero liquid discharge at Polish mines were described in
detail by Solomon et al. (1989), Bostjancic and Ludlum (1996), and Sikora and Szyndl er (2004).
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A brief summary of the integrated treatment process extracted from the above publications is
provided below.

Polish mines discharge a massive amount of contaminated mine water each day, an estimated
2,500 m3lmin or approximately 3.6x106 m3ld. The water contains approximately 600 mg/L to
120,000 mglLtotal dissolved solids, which is mostly common salt (NaCl). About 60% of this
drainage can be recovered and used for drinking water or in agriculture andlor other industries.
The remaining, approximately 1,44x106 m3ld, are saline waters that are discharged directly to
local rivers causing substantial damage to polish water reservoirs.

At the Debiensko Coal Mines a plant was constructed to treat this brackish water. It was
designed by Polish engineers and scientists using water treatment technologies from the U.S. and
Sweden. The plant recovered 10,500 m'/d of drinking and process water, - 4,500 m3ld of
distilled water, 250 tonnes/d of pure sodium chloride for sale, and - 25 tonnes of calcium
sulphate.

The water purification was conducted in the following five stages: pretreatment, membrane
filtration using reverse osmosis (RO), brine concentration, salt crystallization and purge
treatment. The cost for the entire desalination plant was about $60 million USD. The
pretreatment system accounted for about 40% of the cost. Table 8.13 shows the products and
costs of production of the desalination plant at Katowice.
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Table 8.13. Products and cost of production from mine drainage at Katowice, poland. The
prices are in U.s. Dollars (adapted from Sikora and Szyndl er,2004)t.

Product Quantity per day Price

Products from mine drainage

Distilled water 4,500 m3 $0.8 per m3
Drinkins water 9,800 m' $0,2 ner m'
Salt tablets for water softenins 150 tonnes $40 per tonne
Bag and bulk salt 250 tonnes $40 per tonne

Products from crystallizer purge

Iower quality salt (animal feed) 30 tonnes $15 pertonne
Iodine to chemical industrv 54 ks $4 per ke
Bromine to chemical industrv 280 ks $0.3 per ks
Carnallite for fertilizer 12.5 tonnes $90 per tonne
Magnesium chloride for bricks 13 tonnes $60 ner tonne

The pretreatment section prevented the fouling of the RO membranes in the reverse osmosis
section. It consisted of the following components:

o Feed water dosing with an algaecide;

o Sedimentation with polymer dosing;

o Disinfection, chlorination and intermittent shock treatment with sodium bisulphate;
o Flocculation with alum and acid dosing for pH control;

o Filtration in dual media sand, anthracite and granular activated carbon filters; and
o Sludge thickening and disposal.

The pretreated water was purified in a reverse osmosis system consisting of the following stages.
o A two-stage microfiltration section containing 50 pm washable / reusable steel baskets

and 5 pm disposable cartridge filters;

o A RO system consisting of spiral wound RO membranes contained in more than 500
vessels and pressurized to approximately 6-7 MPa (870 - 1000 psig). The RO system
concentrated the saline water to - 80,000 - 90,000 mglL total dissolved solids (TDS);

o The permeate was used as drinking water after de-carbonation, chlorination and lime
treatment; and
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r The RO membranes were cleaned periodically with a prepared acidic solution, which was

neutralized after washing.

The concentrate or reject from the RO section was concentrated further in brine concenrarors,

which were vertical tubes with falling film evaporators driven by vapor compressors. The falling

film design gave a high heat transfer coefficient. The feed water was concentrated to near the

point where sodium chloride would normally precipitate. Calcium sulphate uystals were added

as seeds to the input feed solution at the startup, which gave the precipitating salt a place to

attach and remain in suspension without crystallizing.

In the crystallizer circuit, abotrt,60%o of the saturated brine from brine concentrators, concentrated

to approximately 260,000 mg/L total dissolved solids (TDS) and 3000 mg/L total suspended

solids (TSS) was sent to the pre-heater of a forced-circulation, submerged-tube crystallizer. The

remaining 40o/o of the feed was sent to the elutriation leg of the crystallizer. The salt was allowed

to crystallize and the circuit is purged periodically.

The crystallizer purge treatment, using chemical and thermal methods, was used for the recovery

of chemicals and distilled water. The following technologies were used to recover chemicals

from the crystallizer purge:

o Calcium sulphate precipitation;

r Thermal pre-concentration and additional sodium chloride crystallization, iodine and

bromine desorption and adsorption;

r Final stage thermal concentration and sodium chloride crystallization;

r Carnallite crystallization; and

. Magnesium chloride crystallization.

Using these integrated water treatment processes, the following products were recovered from

mine water:

o Distillate - approximately 65 m3 ld,;
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Sodium chloride - approximately 30 tonnes/d;

Carnallite - approxim ately 4,200 tonnes/year;

Magnesium chloride - approxim ately 4,400 tonnes/year; and
Iodine and bromine - approximately I l0 tonnes/year.

8.7. Newmont - Gotd Leaching Operation in peru

Another example of a membrane

by Newmont Mining Corporation

application in mining operations is a full-scale plant operatec
in Yanacocha, Peru.

The gold mine produces approximately 3 Millon oz. gold per year. It utilizes a cyanide heap
leaching process for gold and silver recovery. The company faces tight environmental discharge
criteria which were deemed to be too costly to meet individually using chemical treatment
options for excess water from the gold leaching operation during the wet season. Additional
constraints for the company were limitations in cyanide concentrations which could be
chemically treated prior to discharge of excess water, which resulted in reduced gold and silver
production and gold lost during release of the treated water. Newmont commissioned a 1500 US
gpm membrane plant, manufactured by Hanison Western Group, in 2004 that allowed the
company to meet its discharge requirements, contain gold losses and significanly reduced its
water treatment costs. The membrane system also increased precious metal recovery.

The feed to the membrane plant is from the Merrill-Crowe barren solutions, which is a
diatomaceous earth filtered feed. The permeate contains some residual free cyanide, which is
treated by alkaline chlorination and neutralization of the effluent and the membrane concenrrate
returns some of the free cyanide, the bulk of the metal cyanide complexes, metal oxyanions and
nitrates to the leaching process. Some preliminary problems with fouling, due to a mercury
amalgam forming on the surface of the membranes from trace residual gold precipitate passing
through the filters, were solved utilizing a cyanide washing protocol. The plant is fully
automated and has run unattended at the site during road blockage incidents.
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Due to the success of the process, the company installed an additional 6000 us gpm capacity in
2005 (Newmont,2007; Harrison Westem, 2007). Detailed information on the process and its
economics was not available.
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rO. CONCLUSIONS

The information presented in this review shows that membrane separation is an efficient and
cost-effective technology for acidic drainage and mine effluent treatment. comparison with
conventional treatment technologies has also shown that membrane separation, if properly
designed and operated, can provide superior discharge water quality and much improved
treatment results while offering lower capital and operating costs. Membrane separation,
however, cannot completely replace conventional treatment technologies and is not a stand-alone
treatment option' Membranes can be a powerful tool for volume reduction and waste
minimization, allowing for the recovery and recycle of water and other potentially valuable by-
products from AD and other effluents such as acid, gypsum, heavy metals and sulphur. Because
of the volume reduction that membrane separation offers, the footprin t and, capital costs of the
accompanying conventional treatment options such as clarifiers and other chemical treatments
could be substantially reduced.

Due to the composition of AD and other mining streams that require treatment, the most
significant issue encountered with membrane separation in mining applications is membrane
fouling and brine disposal. Some of the technical issues that drive membrane research and
technology development, with the goal of improving the performance and reducing cost, are as
follows:

o Membrane fouling - lowering membrane replacement costs, maximizing recoveries;
o Pretreatment as a measure of fouling control;
o Maximizingwater recoveries; and
e Brine disposal or treatment and minimizing its associated costs.
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This chapter contains an overview of the following topics
related to mine drainage treatment:

Objectives of and approach to mine drainage
treatment

Risk-based approach
Drainage sources, collection and management
Treatment technologies including:

Active treatment
Passive treatment
Active/passive hybrids
In situ treatment

Treatment residues and waste
Recovery of useful byproducts
Drainage treatment during mine closure and post
closure
Selection of appropriate treatment technology
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Case Studies for Chapter 7

7.0 Drainage Treatment

7.1 Introduction

The objectives and approach to treatment of the different mine water types depend on the category of
mine water and the degree of treatment required.

The consideration of drainage treatment technologies covers the range of applications to the following:

Different commodities, including coal, diamond, iron, gold, uranium, and precious and
base metals
Different phases of mining, including exploration, feasibility (assessment and design),
construction, operation, decommissioning, and post closure

7.1.1 Risk-based approach

A risk assessment should evaluate all aspects of the treatment process using a standard Failure Modes
and Effects Analysis (FMEA) approach, which evaluates risk based on consequence and likelihood.

There are five main areas that should be assessed: influent, treatment system, effluent, byproduct
management, and site conditions.

Risks to be assessed for the influent can include, for instance, influent flow rates (excessively high
and/or variable), contaminant concentrations (exceed type and concentration predicted), and influent pH. The treatment risks to be evaluated can include mechanical
failure, power failure, plugging of substrate, piping or ditches, armouring of reactants, failure of reagent delivery system, failure of process control components,
inadequate design volume of holding ponds, scaling of plant components, and shutdown due to labour disruption. Effluent management risks may include failure to meet
compliance (total or dissolved metals, pH, etc.), effluent toxicity test failure, change in permit requirement, and inability to meet receiving environment water quality.
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