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ABSTRACT

Acid mine drainage (AMD) is an ongoing problem in Montana and 

remediation is very expensive. New silica polyamine resin technology offers 

an effective alternative to traditional polystyrene resins in terms of metal 

recovery. Such resins have been successful in recovering Cu from the 

Berkeley Pit at 97% purity and rates as high as lOg/L1. While these resins are 

very successful at recovering metals with high percent purities, little is 

known about effluent water quality following metal reclamation. Providing 

the effluent water quality meets state health standards following reclamation, 

these resins could be used to offset the costs of cleanup while providing clean 

water sources as well. This thesis will examine the efficacy and practicality of 

using polyamine resins to clean up contaminated water sources.

INTRODUCTION

Water contamination due to acid mine drainage (AMD) is an ongoing 

problem in Montana. There are over 500 abandoned mines in Jefferson 

County, Montana alone, 44 of which are priority DEQ superfund sites2. Many 

of these sites have extremely high levels of toxic elements such as Pb, Cd, and 

arsenic. Exposure to high levels of any of these elements can severely 

damage many different body systems and even cause death4 (see Table 1 for 

other associated health risks of arsenic and metals). Though the health risks 

are extreme, a lack of funding combined with the high number of toxic sites 

makes remediation of most abandoned mine sites impossible.
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Water Quality 
Standards Health Risks

As5 0.01 ppm
Skin damage, nausea, vomiting, circulatory system 

damage
Cd5 0.005 ppm Kidney damage
Pb6 0.015 ppm Damage to nervous system, especially cognition
Zn 5 ppm Stomach cramps, nausea, vomiting

Mn 5ppb
Mental and emotional disturbances, slow body 

movements
Cu5 0.015 ppm Gastrointestinal distress, kidney/liver damage
Co6 1000 pCi/L Circulatory system damage, dermatitis
Al6 0.2 ppm Bone diseases
Ni6 01 ppm Skin irritations

Table 1: Water quality standards and associated health risks of analyzed 
metals.

Alta Mine and Alta Creek7

The Alta Mine site is an abandoned hardrock silver mine. Alta Creek

originates as a seep on the hillside near a collapsed adit and flows roughly 1.5

miles to the confluence with Corbin Creek. Ore was first discovered at the

site in 1869. The Alta Mine prospered in the 1880's and was the richest mine 

in the Wickes district. However production dropped dramatically with the 

repeal of the Sherman Silver Purchase Act in 1893. Production all but 

stopped in 1900 when the town of Wickes was engulfed by flames and nearly 

destroyed. The mine was operational off and on until 1949 and produced 

roughly 1.25 million tons of ore valued at nearly $32 million7.

AMD in Alta Creek generated by exposure of groundwater to the 

sulfide-rich underground workings and buried waste rock pile. AMD is
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formed when iron sulfide reacts with air and water to form sulfuric acid and 

dissolved iron6. The dissolved iron precipitates out, forming iron hydroxides 

that leave reddish-orange sediment behind. The sulfuric acid further 

dissolves other heavy metals such as copper, lead, and cadmium. Once 

dissolved, these metals can be absorbed into soil or ingested by aquatic or 

terrestrial species. Elevated levels of arsenic, Pb, Zn, Cd, Cu and Mn were 

found in Alta Creek along with a pH of 2.5 to 3.0 throughout the length of the

stream.

Resin Technology

Polystyrene chelator resins are commonly used to recover metals from 

contaminated water sources. However recent developments suggest that 

silica polyamine resins are more effective and more environmentally friendly 

than polystyrene resins1. The silica polyamine derivatives are created by 

covalently bonding a poly amine group to a silica gel support (see Figure 1). 

Polyamines are highly branched and negatively charged, thus providing a 

good surface for cations to bind to, especially chelating metals. Silica 

polyamine resins can also remove anions by being "loaded" with a strong 

chelating metal, such as Zr4+, to give the compound a positive face to attract 

anions. Silica polyamine resins are easily regenerated via an acid wash and 

can be used for over 7000 cycles without a significant decrease in efficiency3.
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Figure 1: Polyamine synthesis1.

These resins are highly effective at reclaiming pure metals from 

contaminated sources. Such resins have successfully recovered copper from 

the Berkeley Pit at 97% purity at rates as high as lOg/L1. While these resins 

are very successful at recovering metals with high percent purities, little is 

known about effluent water quality following metal reclamation. Providing 

the effluent water quality meets state health standards following reclamation, 

these resins could be used to offset the costs of cleanup while providing clean 

water sources as well. This thesis will examine the efficacy and practicality of 

using silica polyamine resins to clean up contaminated water sources.

THEORY

Silica polyamine resins are highly selective because metal affinity 

differs for each polyamine bound to the column. The polyamine group can 

easily be changed according to the metals in solution.
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BPED: BPED is comprised of a silica backbone bonded to

poly(ethylenediaminetetraaceticacid)4. EDTA is a hexadentate ligand that 

binds strongly to most di and trivalent metals. This resin is commonly used 

for solutions containing many metals (none of the metals being present at 

saturated concentration levels).

WP-4: WP-4 has the same silica backbone as BPED but is bonded to 

poly(allylamine) modified with 8-hydroxyquinoline4. 8-hydroxyquinoline is a 

bidentate ligand that has a high affinity for both Fe(II) and Fe(III). This resin

can be used alone to recover Fe or used in series with other resins when Fe

concentrations are high enough to interfere with binding of other metals. 

Zr-BPAP: Silica backbone bonded to poly (ally lamine) modified with a 

phosphonic acid group2. The phosphonic acid group binds strongly to Zr4+, 

thus giving the resin a positive face for the arsenic anion to bind to.

Breakthrough Profiles

Resin capacities are tested and determined via breakthrough profiles.

A breakthrough profile shows when the column no longer binds metals; this 

is seen by the sudden presence of metals column effluent (graphically this is 

represented by a sharp spike in concentration that originates from either a 

zero or a plateau in concentration). For this study, 200 mL of contaminated 

water was run through each resin in order to test column capacity. As seen in 

Figure 2(a-c), no column ever reached capacity and failed to bind metals or
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arsenic. There is no breakthrough profile for Zr-BPAP because it bound all 

arsenic in solution from the very first feed.

Breaktrough Profile: BPED
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Figure 2a: Breakthrough profile for BPED.
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Figure 2b: Breakthrough profile for BPED (close up for arsenic and Co).
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Breakthrough Profile: Fe in WP-4

0.12 n

0.1

0.08

0.06

0.04

0.02

« ♦

♦ ♦ »

5 10 15
Column Volume Eluted

20

Figure 2c: Breakthrough profile for WP-4.

EXPERIMENTAL

Sample Collection, Preparation, and Analysis

Samples were collected from Alta Creek, Corbin, MT. Initially 30 samples 

were collected from different points along the creek and tested for metal 

concentrations. Upon analysis, one gallon of water was collected from each

of the three most contaminated sites. Three liters of contaminated water were 

then filtered through ash less filter paper. Twenty 25 mL samples for initial 

column run were then prepared at a 1:10 dilution factor followed by addition 

of nitric acid to yield a 2% wt/wt solution of HNO3. All samples were 

analyzed on a Perkin-Elmer Optima 2000DVICP-AES. Standards were 

prepared using stock metal solutions from the lab.
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Column Preparation

All columns were comprised of a disposable 5.00 mL syringe, a resin, and two 

silica filter plates. A dime sized silica filter plate was placed at both the top 

and bottom of the syringe to catch any solids remaining in solution. A 

predetermined amount of each resin was then placed into the syringe.

RESIN MASS (g)

BPED 2.940

WP-4 2.969

Zr-BPAP 3.340

Table 2: Mass of each resin placed into columns.

Resin Preparation

Zr-BPAP,WP4, and BPED: 20.0 mL of DI H2O followed by 30.0 mL of 4.5 M 

H2SO4 and 30.0 mL of 0.01 M HC1 (corrected to pH 2) solution were run 

through the column at 2.5 mL/min. DI H2O was used to "wet" the resin to 

prepare the resin for liquid introduction. 4.5 M H2SO4was used to clean the 

column and rid any ions present on the column from previous cycles. The

0.01 M HC1 solution was used to mimic the environment of the contaminated

sample that was to be introduced to the column.

Column Feeding

Contaminated water was introduced to the resin via a Fischer-Scientific

Variable Speed Low Flow peristaltic pump at a flow rate of 0.5 mL/min. 

Tygon R-3603 brand 1/16 inch tubing was run from the contaminated water
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to the inlet of the peristaltic pump. Columns were attached to the peristaltic 

pump via the same 1/16 inch tubing (See Figure 3).

Figure 3: Schematic diagram of the filtering process.

Contaminated water was then run through the column and the filtered 

effluent was collected in 10 mL increments and analyzed using the ICP. 1200 

mL of contaminated water from source Post 50 was pumped through Zr- 

BPAP for arsenic removal. The resulting Arsenic-free solution was separated 

into two portions. 600 mL was run through WP4 for selective Fe removal. 

Both the Zr-BPAP (arsenic free) and WP-4 (arsenic and Fe free) solutions were 

then run through BPED for remaining trace metal removal (see Figure 4).
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Arsenic-free water

PATH 2

Figure 4: Diagram of metal removal (showing paths 1 and 2).

Column Stripping/Regeneration

Zr-BPAP, WP4, and BPED: 20.0 mL of 0.01 M HC1 solution and 30.0 mL

4.5M H2SO4 were run through the column at 0.5 mL/min followed by 20.0 mL 

of DI H2O at 2.5 mL/min. The 0.01 M HC1 solution was used to prepare the 

column for "stripping" or removal of all ions bound to the column. 4.5M 

H,SO4was used for the actual stripping process. DI H2O was used to "wet" 

the column for proper storage. All effluent was collected in 10 mL increments 

and analyzed via the ICP.
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RESULTS

Feed Number As Cd Pb Zn Mn Fe Cu Mg Ca Co Al
Original Metal

Concentrations 1.4 0.261 0.312 28.8 512 373 0.484 73.7 365 0.223 34.1
PATH 2 (Fe 

specific 
removal)

18 0 0 0 0.009 487 0 0 82.2 436 0 53.6
19 0 0 0 0.012 508 0 0 80.4 406 0 39.3

PATH 1
21 0 0 0 0.006 661 0.045 0 80.6 371 0 28.1
22 0 0 0 0.003 481 0.029 0 74.9 359 0 25.3

Table 3: Comparison of final metal concentrations (in ppm)

DISCUSSION

As seen in Table 1, arsenic, Cd, Pb, Cu, and Co were not detected in 

column effluents from either path one or path two (see Figure 1). This 

suggests that the presence of high concentrations of Fe does not interfere with 

column efficacy in removal of arsenic, Cd, Pb, Cu, and Co. According to the 

literature, Fe removal can be complicated by the presence of Co and Cu (and 

vice versa)8'9. Keane and Sung determined that when using a Na-zeolite 

system, Fe and Co removal decreases as concentration increases8. Fe and Co 

are difficult to separate because they are similar in both size and oxidation 

state. Zeolites are a form of size exclusion chromatography. They form a 

porous silica network that acts as a "molecular sieve" and separates 

molecules based on size. Though this is an effective chromatographic 

method, it is not selective enough for AMD water treatment given the 

presence of such high concentrations of ions of similar size. Separating 

Cu(II) and Fe(III) via 8-hydroxyquinoline, a common extraction reagent,
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proved to be very difficult for Watanabe and Tanaka9. Extraction reagents 

work based on the premise that when present at low concentrations, they 

form different structures with different metals. Even if the metals are similar 

in size, charge, or oxidation state, the structures they form should be different 

enough to allow for separation. 8-hydroxyquinoline is a toxic carcinogen and 

would never be used for water treatment, but it shows the difficulties of 

separating ions from one another at high concentrations, especially in ways 

that are not harmful to human health or the environment. The fact that WP-4

and BPED can remove Fe successfully in the presence of such high 

concentrations of other ions speaks to their superiority and practicality as a

means of water treatment.

Effluent that followed path one was completely free of Fe whereas 

effluent that followed path two had a very low concentration of Fe remaining. 

WP-4 is a resin specifically designed for Fe removal and proved to be 

successful in removing all Fe present in the original water samples. Though 

not designed specifically for Fe removal, BPED successfully brought Fe levels 

below toxic levels for water quality standards. Though WP-4 removes Fe 

completely, it is not necessary in effectively trapping arsenic, Cd, Pb, Cu, and 

Co. BPED alone lowers all metal levels well below health and water quality 

standards and is therefore more cost effective and practical as a means of

AMD water treatment.
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CONCLUSIONS

Analysis shows that Fe removal does enhance the effectiveness of 

BPED removal of trace metals, though it is not necessary to bring metal 

concentrations within healthy limits. This would suggest that Zr-BPAP 

followed by BPED alone would be the most cost effective and practical way to 

use silica polyamine resins to clean up contaminated AMD.
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