@ % XRXR OFYy—aI ALF HIHF
% i o E %

Two—-Step Neutralization Ferrite-Formation
Process for Sustainable Treatment of Acid Mine
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Acid mine drainage (AMD) is the most widespread and serious environmental pollution problem fac-
ing the mining industry. AMD flowing into water bodies can have devastating effects on these habitats.
Generally, water streams receiving AMD become unfit for desired uses. Impacted uses include agricul-
tural, industrial, recreational, scenic view, and human consumption. Operating mines are bound to treat
the AMD generated in the mine sites before discharging it. However, since many closed and longtime
abandoned mines lack economical resources or have no legal owners, local or national governments
have to undertake the AMD treatment. In Japan by the year 2000 there were 5,487 abandoned or
closed mine sites countrywide. Many of these abandoned or closed mines have been generating AMD
for several decades. The most often adopted AMD treatment technology is a conventional AMD neu-
tralization in which a chemical (lime, limestone, hydrated lime, or NaOH) is added to the AMD to
neutralize acidity and precipitate heavy metals. Currently, sludge disposal is becoming an important
environmental problem because of the risk of toxic elements re-release. Thus, there is a strong need
for a technology that confers sustainability to AMD treatment. Therefore, the main objective of the
present research is to develop an AMD treatment process that can confer long-term sustainability to
the treatment of AMD from abandoned or closed mines. The current research proposes a “two-step
neutralization ferrite-formation process” as the most suitable alternative for dealing with the AMD
environmental problem in a sustainable fashion.

Chapter 1 gives an introduction on the AMD issue (generation of AMD, its consequences, and the
available options for its control and treatment), the objectives of the research, and the synopsis of the
dissertation.

Chapter 2 gives an overview of previous works on ferrite formation processes, a description of the
new process proposed, and the experimental procedures. The two-step neutralization ferrite-formation
process developed in this research has two neutralization steps and uses two different neutralizers
in order to control the solution chemistry. The treatment plant consists of one retention tank, two
continuously stirred tanks (one for each neutralization step), and two sedimentation tanks for solid-
liquid separation. The AMD is continuously pumped into the first neutralization tank, where 1.5 wt%
MgO slurry is added (first neutralization step) to precipitate metal hydroxides of low solubility at a
pH of about 4.8. The precipitate (first sludge) is separated from the partially neutralized AMD in the
first sedimentation tank. The partially neutralized AMD flows to the second neutralization tank (ferrite
formation tank), where 1IN NaOH solution is added to precipitate the remaining dissolved metals
together with ferrous and ferric hydroxides at a pH of 8.5. The first neutralization step using MgO was
designed to avoid the influence of some AMD constituents that are detrimental to ferrite formation,
e.g., Al and Ca, NaOH was selected as the second neutralizer because it favors ferrite formation when
detrimental AMD constituents are-present in the solution.

In Chapter 3 the results and discussion of batch experiments are given. Batch tests were performed to
determine the Al removal efficiency of MgO, to determine the neutralizer consumption, and to compare



the behavior of AMD constituents when neutralized by CaCO; (commonly used in AMD treatment)
or MgO (neutralizer in our process). For this 100 mL of AMD was placed in a 200 mL beaker and
neutralized to a pre-determined pH. The resulting suspension was filtered for dissolved constituents
analysis. These tests showed that MgO had a better neutralizing capacity (about twice per unit weight)
than CaCOj3. The precipitation of Al depended greatly on pH rather than on the type of neutralizing
agent. Therefore, the elimination of Al in the process can be controlled by the dosage of neutralizer.
For different simulated and actual AMDs, Al started to precipitate massively at about pH 4.0 and was
completed at about pH 5.2 irrespective of neutralizing agent, MgO or CaCOs. Ferrous iron started to
precipitate massively at about pH 6.0 or above. This pH difference (1 to 1.5 pH units) between the end

of massive precipitation of Al and the beginning of Fe>* massive precipitation gives a good window to
effectively separate Al from Fe?*. The elimination of Si was more difficult than the removal of Al and
its elimination was independent of the precipitation of Al rather it seemed related to the precipitation
of Fe. For simulated AMDs the removal of Si was favored by MgO addition, but for the actual AMD
this was not so evident. The batch tests with actual AMD showed that Al, Cu, As, and Fe** were
removed simultaneously and selectively from Fe?*.
Chapter 4 presents the results and discussion of continuous flow tests. In this case a few hundred litters
of AMD were treated in each run as described in Chapter 2. Dissolved constituents were monitored at
the inflow, in the two neutralization tanks, and the treated water. The continuous flow tests showed that
the first neutralization pH was an important variable to control the removal of Al and Si as well as the
plant setup adopted for the treatment. Adopting a setup with the first sludge separation tank favored
the purposes of the proposed process. The fraction of initial Fe?* removed in the first neutralization
step was inverse to the initial iron concentration at the inflow. Thus, the two-step neutralization ferrite-
formation process may not be suitable for treating AMDs with low ferrous iron content because a
big portion of the iron would be lost as first sludge leaving the second step unable to form ferrites.
The consumption of neutralizer was higher than the optimum calculated and was more pronounced
when CaCO3 was used instead of MgO. This higher neutralizer consumption may be due to their slow
dissolution. During the first neutralization MgO had much better removal of Al, Si, Cu, Zn, and As
than CaCOs. Therefore, MgO yielded a partially neutralized AMD with better chemical composition
for generating second sludge containing ferrites.
In chapter 5, the characteristics of the sludge and treated water are given. The sludges were analyzed
by XRF, XRD, and XANES to determine the chemical composition, mineralogical phases, and the ox-
idation state of As. The sludges were subjected to settling, dewatering, and leaching tests to determine
their physical characteristics and chemical stability. The chemical composition of the sludge (first and
ferrite) depended on the characteristics of the inflowing AMD, the pH at which the first neutralization
was performed and the proper dosage of neutralizer. At high Al concentrations in the raw AMD, Al
species predominated whereas at low Al contents, Fe species were predominant. Another important
constituent of the first studge was the non-dissolved neutralizer (generally around 10%, but in some
cases up to 26%). Iron species dominated the composition of ferrite sludges and their proportion in-
creased with higher pHs at the first neutralization. The main mineralogical phases detected in the
first sludge from simulated AMD depended on the neutralization pH. For pH of 4.3 the first sludge
was mainly amorphous whereas at pH 4.6 it was slightly more crystalline (presence of gibbsite and
some periclase). The ferritization of the ferrite sludge was greatly influenced by the Al/Fe and Si/Fe
molar ratios. Thus for a simulated AMD with medium-low Fe and high Al content, amorphous iron
hydroxide dominated. In a case with high Fe, low Si and medium Al concentrations, well-crystallized
ferrites (magnetite and magnesioferrite) were almost the only constituents, whereas the sludges from
similar cases but with higher Si content had very low ferrites content. However, low Al/Fe and Si/Fe
ratios were not enough to reach complete ferritization of the sludges. The total amount of iron was
also an important factor to reach complete ferritization. The magnetic characteristics of the sludge
depended on the mineralogical composition of the sludge: Higher ferrites content gave the sludges
higher saturation magnetization. However, when other ferrites than magnetite were present the satu-
ration magnetization decreased considerably. Sludges with higher ferrites content settled faster during
solid-liquid separation. Higher suspended solids in the ferrite formation tank yielded sludges with
*lower SVI and better dewaterability characteristics. The first and ferrite sludges from the actual AMD
treatment showed good stability with respect to As, Cu, and Zn leachability. Arsenic in the first sludge
was present as As(Ill) and As(V), As(V) being in higher proportion than As(IIT). The fraction of toxic
‘metals leached from the sludges represented only about 0.002% of the amount held in the first sludge
generated by using MgO and about 0.2% of the amount held in the ferrite sludge. The treatment of
simulated and actual AMDs by the two-step neutralization ferrite-formation process showed that this



process is effective in improving the water quality to environmental acceptable levels. The process
delivered treated water with parameters such as pH, Fe, Al, Cu, Zn, and As that were always within
the range of the water discharge standards, and in many cases within the drinking water standards.

In Chapter 6 the most important general conclusions of this research are summarized.
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Two-Step Neutralization Ferrite-Formation
Process for Sustainable Treatment of Acid Mine
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