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Abstract: The fate and transport of viruses in floatation systems is considerably important for accurate
determination of the safety of reusing reclaimed water in the flotation process. Herein, simulation
experiments on the floatation, adsorption and desorption were performed to examine the effect of
initial virus concentration, pH and floatation reagents on the adsorption of viruses ®X174 and MS2
onto copper-molybdenum ores. The transport of viruses in the flotation systems was also investigated.
The viruses in the reclaimed water were rapidly adsorbed onto the ore particles, suggesting that tailing
wastewater can be safely reused for floatation. However, the adsorbed viruses in the concentrates,
middlings and tailings may pose health risks at certain exposure levels. The transport of viruses was
dominated by their attachment to ore particles, with most being inactivated or irreversibly adsorbed.
The removal and adsorption rates decreased as the initial virus concentration increased, and the
removal rate decreased as pH was increased from 7.5 to 9.5. In comparison with MS2, $X174 was
removed more effectively. This suggested that electrostatic repulsion is an important mechanism
because MS2 has a greater negative charge. The attachment of both X174 and MS2 onto the mineral
particles increased significantly in the presence of PJ053 and CaO.
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1. Introduction

With the proposal of carbon peak and carbon neutrality, the green and low-carbon
transformation of traditional industrial industries is imperative. As a common mineral pro-
cessing method, flotation can be considered as one of the most intensive water-consuming
processes. Optimizing the water intake structure of flotation unit and increasing the re-
cycling of wastewater can not only alleviate the conflict between supply and demand of
water resources and save the cost of flotation water, but promote the green development of
enterprises. A number of proposals have been raised to reduce water consumption. These
include reuse of recycled process water, full recycle of treated effluent water and improving
the water recovery efficiency at the dewatering unit.

Reclaimed water reuse is gaining support in the mining industry as an effective way
of addressing factors, including water shortage, water resource preservation and reduction
of both environmental pollution and overall mining costs. Water reclaimed from urban
waste was first used in the floatation process at the Wushan copper-molybdenum (Cu-Mo)
ore dressing plant in China, achieving satisfactory results in both Cu-Mo bulk flotation
and the separation of Cu and Mo. Water was sourced from the Manzhouli city, Inner
Mongolia Autonomous Region regions, China. To reduce the environmental impact and
floatation costs, water was treated by using ozone—a broad-spectrum disinfectant [1].
However, reclaimed water reuse becomes more challenging in the presence of pathogenic
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microorganisms. At considerably low concentrations, these pathogens will pose public
health risks.

Many studies have confirmed the presence of pathogens in reclaimed water, includ-
ing bacteria, protozoa, parasites and viruses, raising safety and hygiene concerns [2-5].
Salmonella is a pathogenic bacterial strain commonly found in municipal wastewater
and a cause of typhoid fever and gastroenteritis. Additionally, Shigella, which can cause
acute dysentery, has been reported in European countries and America. China has ex-
perienced multiple outbreaks of pathogenic diseases, including legionellosis, giardiasis,
cryptosporidiosis, SARS and avian influenza [6,7]. To safely reuse reclaimed water, a
thorough understanding of the processes governing the survival and transport of viruses
in the floatation process is essential.

Previous studies have investigated the survival and transport of microorganisms
in soil, sand, gravel and other granular materials. The microorganisms’ sorption and
transport on solid surface is determined by factors such as the surface properties of the
virus [8,9], charges at the solid surface [10-13], matrix structure [14,15], solution chemistry
and temperature [16,17]. Attachment of viruses onto mineral surfaces play an important
role in virus inactivation for disruption of proteins and/or the degradation of nucleic
acid [18-21]. However, limited research has been conducted to examine the role of these
factors in virus transport in the floatation process.

This study aims to investigate virus transportation in the floatation process and
sorption behaviors of a virus on ore particles. Flotation simulation tests were conducted
to examine the temporal and spatial distribution of viruses in the floatation, adsorption
and desorption experiments in order to explore the mechanisms controlling interactions
between the virus and ore particles. The experimental results elucidated the factors affecting
the attachment between them.

2. Materials and Methods
2.1. Cu—Mo Ores

The ore samples used herein were collected from a Cu-Mo mine located in Wushan,
China. The mine is operated by Inner Mongolia Mining Co., Ltd. (Inner Mongolia, China), a
part of the China National Gold Group. According to the results of microscope identification
and X-ray diffraction analysis, the mineral composition of the ore was complex (Table 1)
and contained independent elements of copper, molybdenum and sulfur; copper included
chalcopyrite, pyrite, bluechalcocite, covellite and tennantite; molybdenum, mainly in the
form of molybdenite; and sulfur in the form of pyrite. Gangue included quartz, muscovite,
feldspar, illite and kaolinite. Notably, the content of quartz was the highest in the gangue.

Table 1. Mineral composition and relative content of Cu-Mo ores.

Metallic Mineral Gangue Mineral
Mineral Name Content (%) Mineral Name Content (%)
molybdenite 0.02 quartz 48.00
chalcopyrite 0.34 muscovite 21.00
tennantite 0.06 . .

Bluechalcocite and covellite 0.23 illite and kaolinite 13.00
pyrite 4.02 feldspar 13.00

others 0.03 others 0.3

Cu—Mo ores were prepared via manual cracking, handpicking and ballmilling to a
size of —0.074 mm, which accounted for 65%. Floatation tests were conducted in a 3-L tank.
Feed size and reagents are shown in Figure 1. Flotation reagent was Turpentine (frother),
CaO (pH regulator), PJ053 and kerosene (collector), which were bought from Xinyang
chemical reagent (China); all the chemical reagents above were analytically pure.
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Figure 1. Flotation flowchart.

2.2. Floatation Simulations

The water used in the floatation tests came from the secondary effluent of a municipal
sewage treatment plant in Inner Mongolia, and the wastewater treatment method was
the secondary wastewater treatment. After a screening process through the sieve and
the primary sedimentation tank, the wastewater entered the comprehensive biochemical
tank with aerobic biological treatment, and the effluent from secondary sedimentation
tank was further treated in stabilization pond. Enteroviruses and rotaviruses were often
present in raw wastewater at levels of 1-1 x 10° plaque-forming units (PFU)/mL. Due
to unstable virus concentration in reclaimed water, and interference caused by various
kinds of viruses in culture and count, artificial reclaimed water with disinfection treatment
was applied to flotation process. The effluent was sterilized for 2 h in an autoclave at
121 °C under 0.105 MPa. Following sterilization, no microorganisms were observed in the
reclaimed water. Next, bacteriophages in the suspension were added at an approximate
concentration of 10* PFU/mL. Three-stage scavenging was performed under the reagent
regime (Figure 1). Next, 1 L of treated reclaimed water was used throughout the process.
Bacteriophages were sampled from the floatation froth and the pulp after each scavenging
routine and assayed using the double-layer overlay method.

2.3. Survival of X174 and MS2 in Flotation Reagents

The survival of the two virus strains was monitored by assessing the stability of $X174
and MS2 in flotation reagents and reclaimed water. The viruses were uniformly suspended
in six Erlenmeyer flasks containing 200 mL of the sterilized reclaimed water. To monitor any
inactivation caused by the flotation reagents, we added 10 uL of kerosene, PJ053, turpentine
and 1.5 g of CaO. The final flask was held as a control without flotation reagents. Samples
were collected after 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110 and 120 min, and the virus
concentration was measured.

2.4. Bacteriophages and Plaque Assay

Coliphages ®X174 and MS2 were chosen as surrogates for the naturally occurring
pathogenic enteric virus in many previous studies [22-24]. While they are not pathogenic,
they are similar to a typical enteric virus in size. MS2 is an F-specific and single-stranded
RNA phage comprising 31% nucleic acid content, whose host bacterium is Escherichia coli
(ATTC 15597-B1). The diameter of MS2 particles is in the range of 24-26 nm. Its protein
coat is relatively hydrophobic and sensitive to interfacial forces that are thought to be
responsible for its inactivation. $X174 is an icosahedral, single-stranded DNA phage
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comprising 26% nucleic acid content, whose host bacterium is E. coli (ATTC 13706-B1). The
diameter of ®X174 particles is in the range of 25-27 nm; its protein coat is hydrophilic.
Both bacteriophages were assessed using the double-layer overlay method [22]. A 500-puL
solution containing appropriate host bacterium and 50uL of diluted virus sample solution
were mixed in a centrifuge tube. The mixture was combined with 5 mL of molten soft agar,
which was maintained at 55 °C in a water bath and placed in Petri dishes containing a
solid agar medium. The plates were first solidified for 10 min and were then inverted and
incubated overnight at 37 °C. The viable virus concentration was determined by counting
the number of plaques, which ranged from 10 to 300 per plate in each host lawn and
were reported in PFU/mL. All virus concentrations reported herein were derived from an
average of three replicate plates.

The Zeta potential of the bacteriophages was measured at pH values ranging from
2 to 12 using a Brookhaven ZetaPlus90 instrument. All Zeta potentials were obtained
in triplicate.

2.5. Adsorption Experiments

To determine the role of virus concentration in virus adsorption, ®X174 and MS2
were tested in the presence of ore particles. Adsorption was initiated by adding 9 mL
of bacteriophage suspension with concentrations ranging from 10° to 108 PFU/mL and
1 g ore particles, the tubes were then sealed and shaken at 300 rpm at 25 °C. After 0, 10,
20, 30, 40, 50, 60, 70, 80, 90, 100, 110 and 120 min, a tube was randomly selected and
centrifuged at 1788.8x g for 2 min, after which an assay was conducted, as described
above. The tubes were discarded after use. Control tubes containing only the virus solution
were treated in the same manner as the experimental tubes. Three replicates were used at
each concentration.

The adsorption of X174 and MS2 onto the ore particles at different pH levels was
investigated using the above-mentioned methods. Glass centrifuge tubes containing 9 mL
of bacteriophage suspension (6.9 x 108 PFU/mL) with 1 g ore particles were maintained at
25 °C, and the pH of the solution was adjusted using 0.1-MHCI and NaOH.

Virus sorption was calculated using Equation (1):

G -C
= =

R x 100% €))]
where R is the removal rate (%), Cy is the aqueous-phase virus concentration in the control
tube (PFU/mL) and C is the liquid-phase virus concentration at the time (PFU/mL).

2.6. Desorption Experiments

To investigate whether the viruses retained by the ore particles were reversibly ad-
sorbed or inactivated and irreversibly sorbed and to estimate mass recovery, desorption
experiments were conducted on adsorbed ore particles extracted using a 3% solution of the
beef extract, which has been widely used to detach viruses from a solid surface. In total,
20 mL of the extract was added to the glass tubes. The virus-ore suspensions were then
vortex mixed for several seconds, followed by centrifugation at 1788.8x g for 2 min. An
assay was then conducted, as described above.

Virus mass recovery was calculated using Equation (2):

C*

R =
1= c-C

x 100% )

where R; is the mass recovery rate of the virus (%), Cy is the aqueous-phase virus concen-
tration in the control tube (PFU/mL), C is the liquid-phase virus concentration at the time
(PFU/mL) and C* is the virus concentration in the elute solution (PFU/mL).
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The inactivation/irreversible sorption of the virus was calculated using Equation (3):

R—-R
Ry= BB

x 100% ®)
3. Results and Discussion
3.1. Spatial and Temporal Distribution of Viruses in the Flotation Process

The spatial and temporal distribution of the viruses in the flotation tests are presented
in Table 2. The concentration of both viruses in the reclaimed water decreased rapidly.
Additionally, these viruses could not be detected from the first, second or third scavenging
supernatant. In the reclaimed water, ~100% reduction of both viruses was observed.
Samples were taken from the froth from the first and second scavenging supernatants.
The concentration of viruses was higher in the sample from the first scavenging. Figure 2
shows the effect of flotation reagents on survival of ®X174 and MS2; the concentration
of ®X174 and MS2 changed little in flotation reagent, which suggested that the effect of
flotation reagent on the survival of virus was insignificant and could be ignored. This
was attributed to the decrease in the proportion of floating ore particles as the scavenging
process proceeded, suggesting that viruses in the reclaimed water were rapidly adsorbed
onto the ore particles. Adsorption of both ®X174 and MS2 onto the ore particles was time
dependent, with a near complete removal of viruses observed within the experimental time
span, and suggested that tailing wastewater could be safely reused in the floatation process.
However, almost complete adsorption of viruses by the rough concentrates, middling and
tailings may pose health risks to workers depending on the exposure level.

Table 2. Distribution of ®X174 and MS2 in the flotation test.

MS2 (PFU/mL) ®X174 (PFU/mL)

Reclaimed water (initial amount) 1.0 x 10* 1.1 x 10*

Froth from roughing 1.0 x 103 1.6 x 103
Supernatant from roughing 650 700

froth from first scavenging 450 480

supernatant from first scavenging 0 0

froth from second scavenging 220 150

supernatant from second scavenging 0 0

supernatant from third scavenging 0 0

Tailings 7.6 x 108 8.0 x 103

()0X174 7 (b)MS2

X

Concentration( X 10°PFU/mL)

- 0 5 10 5 20 30 45
time(min) time(min)

Figure 2. Effect of flotation reagents on the survival of (a) X174 and (b) MS2.

Our results suggest that virus transportation in floatation process using reclaimed
water can be controlled by attachment to ore particles. Reclaimed water from a sewage
treatment plant has a considerably complex composition, and any variation in water
quality may influence virus adsorption. Therefore, additional research must be conducted
to comprehensively understand virus adsorption under complex floatation conditions. This
could be done by testing the artificial reclaimed water with controlled concentrations of
viruses and sterilized ore particles using the methods outlined in Sections 2.5 and 2.6.
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3.2. Effect of Virus Concentration on Adsorption

The results of the adsorption experiments are shown in Figure 3 and Table 2. As
anticipated, a strong correlation was found between virus concentration and adsorption.
The removal rate of both viruses decreased as the initial concentration was increased.
The proportion of $X174 and MS2 adsorbed onto the ore particles approached 100% at
concentrations of 10° and 10° PFU/mL, respectively. In comparison, the removal rates of
MS2 were 99.16% and 98.5% at initial concentrations of 107 and 108 PFU/mL, respectively.
In contrast, for $X174, the remove rates were 99.99% and 99.98%. This suggested that the
large specific surface area and surface energy of Cu-Mo ores after crushing and grinding
gave the ore particles strong adsorption capacity [14,15]. If the virus concentration in the
reclaimed water is low, the ore particles may provide sufficient adsorptive sites. Increasing
the virus concentration reduced the availability of adsorptive sites, which decreased the
adsorption of viruses onto ore particles. This was attributed to the ‘blocking’ of a limited
number of favorable attachment sites by the viruses that were adsorbed first. An alternative
explanation is cell-to-cell collision, which caused simultaneous adsorption and release of
viruses. The frequent of these collisions were increased with the initial virus concentration,
which might reduce retention as those weakly adsorbed cells were detached from the
surface of the ore particles. The adsorption of MS2 onto ore particles was slightly lower than
X174, with reductions of approximately 2.22 log;g and 1.95 logyg at initial concentrations
of 107 and10® PFU/mL, respectively. The adsorbed ®X174 showed reductions of 2.26 logig
and 2.04 logo. The results suggested that virus type is an important variable with regard
to adsorption onto ore particles.

(@)®X174 )ms2

—o— 10°8PFU/m
—=— 10" 7PFU/ml

—4— 10°6PFU/m

== 10"5PFU/m

LogC/C,
LogC/C,

Figure 3. (a) $X174 and (b) MS2 concentrations against adsorption (expressed as logC/Cy).

Desorption with the beef extract solution demonstrated that both viral strains could be
effectively detached from the surface of ore particles (Table 3) and that the rate of removal
was not strongly associated with the initial virus concentration. On average, 10.80% of the
adsorbed MS2 and 20.14% of the adsorbed ®X174 were detached from the ore particles.
These results suggested that a significant fraction of the viruses survived in the floatation
process via irreversible adsorption onto ore particles. As the viruses could potentially
be later released into the environment, they continue to pose occupational health risks.
On average, 79.86% of the adsorbed MS2 and 89.20% of X174 were either inactivated or
irreversibly adsorbed and could be considered non-infective.

3.3. Effect of pH on Virus Adsorption

An increasement in pH from 7.5 to 9.5 reduced the attachment between the viruses and
ore particles (Figure 4). The observed reduction in removal at pH 7.5 was approximately
1.99 logj for MS2 and 2.15 logyo for X174, with removal rates of 98.56% and 99.03%,
respectively. In contrast, the observed reduction decreased to 1.23 logjy for MS2 and
1.95 logyo for ©X174 at pH 9.5, with removal rates of 92.6% and 98.53%, respectively. This
suggested that the viruses attached more strongly to ore particles at pH 7.5 than at pH 9.5.
This result was attributed to lower electrostatic repulsion between the viruses and ore
particles at lower pH, which is in agreement with the results of previous reports [25,26].
Under the conditions considered herein, both viruses and ore particles were negatively
charged. Electrostatic repulsion increased as the pH increased, reducing sorption. MS2 was
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assumed to be more negatively charged, which makes its adsorption onto the negatively
charged ore particles less favorable. Figure 5 shows that the isoelectric point of MS2 (3.5)
was lower than that of ®X174 (6.5).

Table 3. Virus removal and recovery at different initial concentrations.

Input Amount (PFU/mL) R (%) Ry (%) R; (%)
~10° 100 19.21 80.79
~100 100 21.23 78.77
X174 ~107 99.99 19.56 80.44
~108 99.98 20.65 79.35
~10° 100 10.26 89.74
~10° 100 11.21 88.79
M52 ~107 99.16 10.56 89.35
~108 98.50 11.21 88.62

(a)®X174 (b)MS2

LogC/C,
1ogC/C,

0 10 20 30 40 50 60 70 80 90 100110120 0 10 20 30 40 50 60 70 80 90 100110120130

time(min) time(min)

Figure 4. pH against adsorption of (a) ®X174 and (b) MS2 (expressed as logC/Cp).

20 —+— Copper-molybdenum ores
—=—MS2

10 ——0x174

Zeta potential(mV)

pH

Figure 5. Zeta potential of viruses and copper-molybdenum (Cu-Mo) ores.

Desorption with the beef extract demonstrated that irreversible adsorption or inactiva-
tion was also related to the pH level (Table 4). On average, at pH 7.5, 89.62% of the adsorbed
MS2 and 79.18% of ®X174 was either inactivated or irreversibly adsorbed. At pH 9.5, this
percentage decreased to 83.42% for MS2 and 77.35% for ®X174. MS2 showed a higher
rate of irreversible adsorption or inactivation in comparison with ®X174 despite its lower
isoelectric point. This was attributed to the differences in the hydrophobic interactions.
As MS2 was more hydrophobic than ®X174, it exhibited more hydrophobic interactions
with the ore particle surface. Our results were in agreement with those of several previous
studies [27,28], which reported that red soil adsorbed more than 99.95% of MS2 and 98.23%
of ®X174, with most being inactivated or irreversibly adsorbed. Inactivation caused due
to differences in the surface and structural characteristics of capsid proteins may also
explain the higher rate of irreversible adsorption or inactivation of MS2, and that only MS2
was inactivated at the air-water—solid interface under unsaturated flow conditions. Virus
capsids have localized polar and nonpolar areas, and hydrophobic segments of the viruses



Water 2022, 14, 781

8of11

in the air phase orient themselves away from the polar interior of the solution, producing a
reconfiguration of proteins on the virus capsids and causing loss of infectivity. It reported
that MS2, which contains RNA, was more sensitive to inactivation caused by Cu or iron
ions than ®X174, which contains DNA. In our experimental conditions, large quantities of
metal and metal oxides present in the ore pulp would cause MS2 to disintegrate, making it
inactive [29,30].

Table 4. Virus removal and recovery at different pH.

pH75 pH9.5
®X174 MS2 $X174 MS2
R % 99.02% 98.56% 98.53% 92.6%
Ry % 20.62% 10.23% 22.32% 15.35%
Ry % 79.18% 89.62% 77.35% 83.42%

Our results suggested that the fate and transport of viruses in the floatation process
were largely determined based on their adsorption, desorption and inactivation capabil-
ities, which in turn were affected by van der Waals forces, electrostatic interaction and
hydrophobic interactions between the viruses and the surface of ore particles. Attraction
due to the van der Waals forces overcame electrostatic repulsion. The adsorption of viruses
onto ore particles has often been attributed to the size of the surface area.

3.4. Effect of Flotation Reagents on Virus Adsorption

The adsorption of $X174 and MS2 onto ore particles in the presence of flotation
reagents was investigated using the procedure described in Sections 2.5 and 2.6.

Figure 6 shows the adsorption of ®X174and MS2 onto ore particles. Adsorption of
both viruses was enhanced by the presence of PJ053, kerosene and CaO. PJ053 and CaO
had a significant effect on adsorption of both ®X174 and MS2. In the presence of PJ053, a
reduction in virus adsorption of approximately 2.39 log;p was observed for MS2, whereas
that for X174 was 2.4 logj, with removal rates close to 100% for both viruses. Equilibrium
was reached in less than 20 min, which was shorter than the time required when PJ053 was
not present. This result could possibly be attributed to the differences in the hydrophobic
interactions between the viruses and ore particles. PJ053 significantly reduced the force
between the water molecules and the ore particle surface, increasing surface hydrophilicity
and, therefore, virus sorption. Despite the considerable difference in the isoelectric points of
MS2 and $X174, the two viruses exhibited similar adsorption in the presence of PJ053. This
suggested that hydrophobic force is important in the attachment of viruses to ore particles.
Adsorption also increased in the presence of CaO, with reductions in virus adsorption of
approximately 2.41 logjo for MS2 and 2.58 logo for ®X174. As Ca?* would first combine
with ore particles, screening the negative charges, a decrease in electrostatic repulsion
is expected.

(a)dX174 (bMS2

LogC/C,

0 20 40 60 80 100 120 0

Figure 6. Effect of flotation reagents on the adsorption of (a) ®X174 and (b) MS2 (expressed as
logC/Cy).

The highest irreversible adsorption or inactivation was observed in the presence of
CaO, with values of 91.62% for MS2 and 91.36% for ®X174. Table 5 summarizes that
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irreversible adsorption or inactivation increased significantly in the presence of PJ053 than
in the presence of other floatation reagents, with values of 91.61% for MS2 and 89.73% for
®X174. This was attributed to the increase in the hydrophobic force. Extraction using the
beef extract solution produced an average of only 8.35% of adsorbed MS2 and 8.62% of
adsorbed ®X174. These results are in good agreement with those of previous studies. The
presence of PJ053 and CaO significantly increased the attraction between viruses and ore
particles. It reported that in comparison with other buffer solutions, Ca®* and Mg?* led to a
higher recovery of MS2 and ®X174. It reported a decrease in Zeta potential in the presence
of Ca?*. This increased hydrophobicity, enhancing bridging with the negatively charged
functional groups and ultimately improving cell interactions with the surface [22].

Table 5. Virus removal and recovery in the presence of flotation reagent.

Flotation X174 MS2
Reagent R (%) Ry (%) Ry (%) R (%) Ry (%) Ry (%)
PJ053 99.63 10.23 89.73 99.59 9.35 90.61
CaO 99.80 8.62 91.36 99.60 8.35 91.62
turpentine 99.05 20.72 79.21 98.57 16.35 83.42
Deionized Water 99.02 20.02 79.78 98.56 10.23 89.62

4. Conclusions

The fate and transport of viruses in the flotation process were investigated using
laboratory-scale floatation simulations and experimental tests of virus adsorption. The Cu-
Mo ores exhibited a significant capacity for virus adsorption, with a large proportion of the
viruses being inactivated or irreversibly adsorbed. This suggested that tailing wastewater
could possibly be safely reused in the floatation process. However, rough concentrates,
middlings and tailings containing adsorbed viruses still posed health risks to workers,
depending on the exposure level.

The experimental data concerning adsorption and desorption suggested that the ore
particle surface, solution chemistry and virus type were the main factors determining the
fate and transport of viruses. The removal rate of both X174 and MS2 decreased as the
initial virus concentration increased. The attachment of both ®X174 and MS2 decreased as
the pH of the solution increased from 7.5 to 9.5. The removal, inactivation and irreversible
adsorption rates of MS2 were lower than those of $X174.

Floatation reagents had no effect on survival of both $X174 and MS2, but played a
significant role in the rate of adsorption of both viruses. Attachment to the ore particles
was significantly enhanced in the presence of collector PJ053 and pH regulator CaO.
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