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RESUMO
Drenagem &cida de mina (DAM) é um efluente com gk e altas concentracbes de
sulfato, metais e metaloides. O tratamento da DAKpgrocessos de separacdo de membrana
(PSM), especificamente nanofiltracdo (NF) e osmimgersa (Ol), € de especial interesse uma
vez que esses processos retém de forma eficiemsedivalentes e produzem um permeado
com qualidade suficiente para reuso industrialité&dtura indica a viabilidade técnica destes
processos; no entanto, um estudo mais aprofundadoessario, especialmente na otimizacao
dos parametros operacionais, na analise da viabdi@condmica do processo, nas estratégias
de limpeza quimica, e no envelhecimento da membwassim, o objetivo desse estudo foi
avaliar os principais parametros operacionais @&¥M,Ptimizar esses parametros, e estimar o
custo capital e operacional do sistema (Capitul&@)objetivo desse estudo também estudar
a incrustacdo da membrana durante o tratamentoAdd, Rvaliar o melhor procedimento
para limpeza quimica da membrana, e o envelheaimdaessa membrana exposta ao
concentrado da DAM e a solucédo de limpeza da memab{@apitulo 3). Observou-se que
apesar do pré-tratamento do efluente ndo dimint@ndéncia a incrustagdo da membrana, ele
melhora a qualidade do permeado final da NF. A Nfesentou maior potencial para esse
tratamento que a Ol, devido ao maior fluxo de padneobtido e satisfatoria eficiéncia de
retencdo de solutos. Dentre as membranas de NIF98 Bpresentou a maior eficiéncia de
retencdo de solutos, e a NF270, o maior fluxo dengado. O pH do efluente influenciou
tanto a eficiéncia de retengdo quanto a tendéndiecrastacdo da membrana. A melhor
combinacéo de tipo de membrana e pH foi a NF27@ &,p. A taxa maxima de recuperacao
de agua nessa condicao foi 60%, quando se obsemawiminuicdo acentuada na eficiéncia
de retencéo e fluxo de permeado. Os custos capipéracional estimados do sistema de UF-
NF foram US$ 131.250,00, e 0,257 US$hhe efluente. A DAM é composta principalmente
por compostos inorganicos dissolvidos, 0 que rasrit uma incrustacado inorganica rica em
aluminio, arsénio, calcio, cromo, niquel, potassigddio. Dentre as solucdes de limpeza
estudadas, o melhor agente de limpeza foi o adoldddco (HCI) com concentracdo de
0,20% m/m; essa concentracdo também proporcionmerer exposicdo da membrana ao
acido. O envelhecimento da membrana pelo concenttad>AM, e concentrado da DAM e
periodica solucdo de HCI diminui a permeabilidadeyaa da membrana NF270. No entanto,
a rejeicdo da membrana ao sulfato de magnésidieodgydiminuiu menos de 10% em ambas

as condicdes. Estes resultados sugerem que esdaranané estavel para essa aplicacao.

Palavras-chave:Nanofiltracdo; osmose inversa; drenagem acidaide;meuso de agua; pH
do efluente; taxa de recuperagdo de agua; limpgnaicp; envelhecimento da membrana.



ABSTRACT
Acid mine drainage (AMD) is an effluent charactedzy low pH and high concentrations of
sulfate, metals, and metalloids. AMD treatment bgmrbrane separation processes (MSP),
specifically nanofiltration (NF) and reverse osnsodRO) is particularly interesting as these
processes can retain divalent ions efficiently todpce high quality permeate for industrial
reuse. The literature suggests the technical walof these processes; however, further study
is needed, in special on operational parametersmigation, on economic viability
evaluation, on chemical cleaning strategies, anthembrane ageing. Therefore, the aim of
this study was to evaluate the main operationalitimms of the AMD treatment by MSP,
optimize these parameters, and conduct a prelimicapital and operational cost evaluation
(Chapter 2). Then, it aimed to evaluate the men#fanling formed during AMD treatment,
evaluate the best chemical cleaning procedureignabnditions, and the membrane ageing
after prolonged exposure to AMD retentate and éoctiiemical cleaning solution (Chapter 3).
The results showed that although effluent pretreatnhad no considerable effect on the
membrane-fouling tendency, it improved the final Wérmeate quality. The NF showed
higher potential for AMD treatment than RO, asatlthigher permeate flux and satisfactory
solutes retention efficiency. Among the NF membsartke NFO90 had the highest solutes
retention efficiency, while the NF270 had the higthpermeate flux. Effluent pH affected
both the retention efficiency and the membraneufigutendency. The best combination of
membrane type and feed pH was the NF270 at pHTHB& maximum water recovery rate at
this condition was 60%, when a sharper decreasetamtion efficiency and permeate flux
was observed. The estimated capital and operatmosib of the UF-NF system were US$
131,250.00, and 0.257 US$/mof effluent. The AMD is mainly comprised by dissed
inorganic compounds, which resulted in an inorg&oiding layer rich in aluminum, arsenic,
calcium, chromium, nickel, potassium, and sodiummofg the evaluated cleaning solutions,
the best cleaning agent was hydrochloric acid (Hi€la concentration of 0.20% wi/w; this
concentration also provided the lowest membranesxe to the acid. Membrane ageing
caused by AMD retentate, and AMD retentate plusoper HCI solution decreased the
NF270 water permeability after 270 days by 49 amdo4 respectively. However, the
membrane rejection to magnesium sulfate and gludeseeased less than 10% in both

conditions. These results suggest that the NF2#@brane is stable during AMD treatment.

Keywords: Nanofiltration; reverse osmosis; acid mine drainagater reuse; effluent pH;

water recovery rate; chemical cleaning; membrameéngg
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1.1 Literature Review

1.1.1 Gold

Gold is known to mankind since ancient times. ligti yellow color distinguishes it from
other metals. Besides, gold’'s properties such aé Iltiorrosion resistance, malleability,
ductility, high heat and electricity conductanced arelative scarcity, made it a valuable
element. Numerous civilizations before Christ waheady able to use gold in jewelry and
personal adornment due to natural gold depositsuggets and its ease of use (Schmid and
Corain, 2003; Norgate and Haque, 2012).

Due to its high malleability, which can sometimesnpromise the final product, in many
cases gold is used in the form of alloys. The aunté gold in an alloy is traditionally
expressed in carats. The 24 carat gold has a mledyee of 99.99%, and is mainly used in the
production of gold bars and coins for retail invesnt; the 18 carat gold has a purity degree
of 75% (75% gold, 10 to 20% silver and 5 to 15%pmp and is extensively used in the
production of jewelry in Europe and Brazil (DNPM)(OD).

However, the use of gold is not restricted to feil@mestment and jewelry. TABLE 1.1
presents world demand of gold by sector in theooe#005-2013. It can be observed that
global gold demand also includes the electroniustiy, which includes the production of
computer boards, mobile phones and flat screenisaas. In 2013, this market accounted
for 5.6% of total world demand (GFMS, 2014). Furthere, there is a considerable demand
of gold for dental purposes (primarily as dentagbhesis) and an increasing interest in its use
for medical purposes. Functionalized gold nanoglagi for example, are attracting scientific
community interest due to their outstanding biocatigility, excellent optical properties and
great potential for biomedical applications. Fumicélized gold nanoparticles have been
studied especially in cancer treatment as sengordiagnosis and specific drugs carriers
(Chenet al., 2013).
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TABLE 1.1 — World demand of gold in tons by sectors in the period 2005-2013

Demand 2005 2007 2009 2011 2013
Jewellery 2,721 2,425 1,817 2,029 2,361
Industry of electronics 286 322 275 320 279
Dental and medical 62 58 53 43 36
Other industrial uses 92 98 87 95 93
Retail investment (bars and coins) 412 442 825 1,569 1,778
Net official sector - 663 - 484 - 34 457 409
TOTAL (tons) 2910 2,861 3,023 4513 4,956

Source: GFMS Gold Survey 2014, Thomson Reuters (GFMS, 2014).

Mining and mineral processing are activities ofagreconomic importance in Brazil. Data
from the Brazilian Institute of Geography and Stats (IBGE) indicate that mineral
extraction industry accounted for 4.1% of 2013 GQRoss Domestic Product) which
corresponded to US$ 77.9 billion. Moreover, totgbats of the jewelry productive chain
reached US$ 3.2 billion in the same year (DNPM,430lh 2013, Brazil was the world’s 11
largest gold producer, contributing a total of 7&8s as it is shown in TABLE 1.2 (GFMS,
2014).

TABLE 1.2 — Top gold mining countries in the years of 2012 and 2013

Rank c Production (ton)

2013 2012 ountry 2013 2012
1 1 China 438.2 413.1
2 2 Australia 266.1 251.4
3 4 Russia 248.8 229.7
4 3 United States 228.9 231.3
5 5 Peru 181.6 180.4
6 6 South Africa 174.2 177.3
7 7 Canada 133.1 108.0
8 9 Ghana 107.9 95.8
9 8 Mexico 103.8 102.8
10 10 Indonesia 99.2 89.0
11 12 Brazil 79.9 67.3
12 11 Uzbekistan 77.4 73.3
Others 883.0 841.5

Total 3,022.10 2,860.90

Source: GFMS Gold Survey 2014, Thomson Reuters (GFMS, 2014).

In 2013, four of the 26 Brazilian states accourftgd30% of the country’s gold production:
Minas Gerais (45.6%), Goias (12.3%), Mato Grossdq)l, Para (11%), Amapé (7.6), Bahia
(7.4%), and Maranhéao (3.6%) (DNPM, 2014).
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Gold is one of the few metals found in the envireninin its native state, rarely being
combined with other elements. Native gold is theshtwmmon form of gold and possesses a
gold content of 90% or more, moreover native galdrequently accompanied by silver.
Following native gold, the gold-silver tellurideseghe most common gold minerals (Norgate
and Haque, 2012). There are 19 known minerals tichmpjpold may be combined, the most
frequent minerals being the calaverite (Ap)Tand sylvanite ((Au,Ag)Tg (DNPM, 2009).

Gold can be found in placer or lode deposits. Ldegosits are deposits of metalliferous ore
which fills a fissure in a rock formation, or a nef ore that is deposited between layers of
rock. Placer deposits are those formed when stablerals with high specific gravity are

freed from their matrix by weathering processes aredslowly carried to stream beds, sand
beds or crevices where they concentrate. Otherralgyehich can be found in placer deposits

are platinum, zircon and various gemstones (NorgateHaque, 2012).

From a metallurgical perspective, gold ores maynba-refractory (or free-milling) or

refractory. Non-refractory minerals are easy tattignd gold recovery is obtained by gravity
separating or direct cyanidation. Refractory gotdsoare those where the gold is finely
disseminated in the matrix of a sulfide host mihetfaeir treatment is more difficult and

requires a pre-treatment prior to cyanidation. Fme-treatment might be an additional
process such as roasting, bacterial oxidation @sgure oxidation. Over 90% of primary gold
ores in Brazil are refractory ores (MME, 2009). iBles hindering the extraction of gold, the
presence of sulfides may lead to the generatioacmf mine drainages as will be explained

later.

In conclusion, gold is a product of great importaita modern society and Brazil is one of the
largest global producers of gold. Additionally, M&Gerais leads national production holding
almost 50% of total national production. As seemiany other industrial activities, mining
and mineral processing are associated with manyamaental impacts. Within this context,
it is important to study measures to mitigate thiegeacts, especially in the state of Minas

Gerais. These studies should promote a more sabtaigold production process.

1.1.2 Acid Mine Drainage

Mining operations have a direct impact on vegetatend wildlife, on surface and

groundwater and on soil properties of the surrowmganining area. Open pit mines produce
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huge soil movements which cause alterations ol topamgraphic profile and create tailings
deposits. It may also lead to soil erosion, no@&ipon and air pollution due to the release of
gas and particulates into the atmosphere. Undengronining, among other impacts, may
result in damage to adjacent rocks by landslides explosions and poor work conditions

may pose health risks to operators.

Surface and groundwater can be affected by minimgugh disruption of hydrological
pathways, possible increase in the rate of groutetwacharge, lowering of the water table,
wastewater discharge, among others (Robles-Arenak, 2006). The acid mine drainage
(AMD) is an undesired wastewater generated at smnéng sites which causes significant
environmental problems. AMD occurrence has beeorteg in the extraction of gold, coal,
copper, zinc and uranium (Trindade and BarbosaFR002). It has been recognized as one
of the major environmental problems of mining agtgivnot only due to its environmental
impacts, but also due to the challenges of AMD m@mdnbnce initiated, the high volumes

involved, the associated treatment costs, andribmeps perpetuity (Granéeal., 2010).

AMD is characterized by its low pH and high concatidn of sulfate (S¢); as well as high
concentrations of metals (e.g. Fe, Cu, Pb, Zn,Hgy),Ni, Co) and metalloids (especially As,
but also Sb, Se) (Johnson and Hallberg, 2005; Robienaset al., 2006; Sierraet al., 2013).
These pollutants are not biodegradable and teratd¢amulate in living organisms, causing
various diseases and disorders. Some environmiempaicts associated with AMD include

acidification of rivers and streams as well as téag of toxic metals (Diaet al., 2013).

Acid mine drainage (AMD) generation is initiated lige oxidation of metal sulfide
(particularly pyrite (Feg, arsenopyrite (FeAsS) and pyrrhotitegs¢S with x = 0 to 0.17)) in
mining waste, tailings and mine structures (suchp#s and underground workings) of
abandoned or active mines (Johnson and Hallbefih; Znawar, 2013). As pyrite is the most
reported cause of AMD, the oxidation of metal sldfis often expressed in terms of pyrite
oxidation. There are two main paths for pyrite atidn. The first is through direct oxidation

when exposed to oxygen and water, as expresse@WMEION 1:

2FeS, (s) + 70, + 2H,0 — 2Fe*? + 4S0;% + 4H* (Eq. 1)
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The second is through reaction with ferric iron*@feas expressed by EQUATION 2:
FeS,(s) + 14Fe*? + 8H,0 — 15Fe*? + 250;% + 16H* (Eq. 2)

Both pathways are fast (Costello, 2003; Anawar320The regeneration of ferric iron occurs
when there is sufficient oxygen in the system asvshin EQUATION 3. Yet, this oxidation
is known to be very slow and unstable at low pHegxdn the presence of microorganisms

which may increase the rate of ferrous iron"fFexidation (Anawar, 2013).
4Fe*? + 0,4 4H* - 4Fe*3 4+ 2H,0 (Eq. 3)

Ferric iron can also precipitate as iron(lll) hyxide, the red-orange precipitate typically seen
in AMD, as expressed by EQUATION 4:

2Fe*3 + 6H,0 & 2Fe(OH)5(s) + 6H* (Eq. 4)

Sulfur- and iron-oxidizing microorganisms may cgt&l EQUATIONS 1 and 3, increasing
the production of sulfate and ferric iron. Thesenmdrganisms consist of the Bacteria and
Archaea domains. In environments impacted by AMP thain bacterial genera reported
wereAcidithiobacillus (specially the speciA. ferrooxidans) andLeptospirillum, other genera
reported wereAcidimicrobium, Acidisphaera, Acidobacterium, Acidocella, Acidiphilium,
Alicyclobacillus, Ferrimicrobium, Frateuria, Sulfobacillus and Thiomonas. The Archaea
orders reported included the thermoplasmatales ci@pe the iron-oxidizing genus

Ferroplasm), sulfolobales and methanomicrobiales (Mohapetteh., 2011).

According to Grandet al. (2010), AMD is an anthropogenic process as itltedtom the

action of man. The oxidation of metal sulfides at®zurs in undisturbed rocks, however at
rates so slow that the water or the host rock Ie &b buffer the acid generated (Costello,
2003; Anawar, 2013). Due to mining activity andigssize reduction, the surface area of
metal sulfides increases and they become more ptonexidation thus exceeding the

buffering capabilities of the system.

There are basically two types of AMD remediatiorcht@ques: at-source control and
migration control. At-source control techniques ammed at preventing or minimizing the
formation of AMD. These techniques are directedhat creation of chemical, biochemical
and/or physical conditions that inhibit the oxidatiof pyrite (Johnson and Hallberg, 2005;
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Diao et al., 2013). On the other hanehigration controtechniques aim teemediate the AMD

that has already been generated.

At-source control methods include selective hamdand alkaline amendment, dry barriers,
wet covers and biocides. Selective handling andliakk amendment seeks to blend acid-
producing and acid-consuming (such as carbonate¢nais to produce a benign composite.
The accurate prediction of the amount of alkalimgeded in each situation has a significant
cost and long-term liability implications. Moreoyeéhe presence of alkalinity in the tailing
and mining spoils does not ensure that the aciity be neutralized as a direct contact
between the infiltrating water and the alkalingynieeded (Barnhiset al., 2000). A variation

of this method is the coating technology, or passm. The coating is usually composed of
phosphate or silicate composites and prevents iteetdcontact of pyrite with oxidizing
agents (Diacet al., 2013). Dry barriers and wet covers (underwateragfe and flooding and
sealing of abandoned deep mines) aim to retarchtheement of oxygen and/or water into the
acid-producing minerals, therefore minimizing AMBrgeration. Lastly, biocides have been
applied in tailings and mining spoils to inhibit arobial activities, decreasing the rates of
reactions expressed by EQUATIONS 2 and 3 (JohnsdrHallberg, 2005).

At first, at-source control methods may seem mdmaaive than traditional treatments as
they can permanently solve AMD problems and do maguire facilities for continued
treatment after mine closure. However, these meatlaoe unable to control 100% of the net-
acidity produced on-site and migration control tegbhes would still be needed for the
remaining AMD. Additionally, at-source control teghues for abandoned mines sites are
generally unfeasible. This is mainly due to theealog of reliable mine maps and restricted
access for the underground mines; and, for theaserimines, due to the huge volumes of
tailings of unknown composition and expense relabecehandling and mixing these tailings
(Barnhiselet al., 2000).

Migration control techniques can be classified asspve or active system. Passive systems
require relatively small amounts of resources amihtenance to sustain the process, while
active systems require continuous addition of reeggeBoth passive and active systems can
rely on biological activities; however most of thielogical remediation processes are passive
systems. FIGURE 1.1 shows the main migration coméchnologies for AMD remediation
(Costello, 2003; Johnson and Hallberg, 2005; @Biam., 2013; Sierrat al., 2013).
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FIGURE 1.1 — Migration control technologies for AMD remediation
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Membrane technologies

Among the migration control technologies, the mwegtespread is chemical neutralization.
This process consists of continuously adding limeother alkaline material in the AMD,
increasing the effluent pH and precipitating mangtats as hydroxides or carbonates.
Although much used, this technology has the drawdaaf requiring large amounts of
reagents and generating a secondary waste whichbaysroperly disposed of. Besides, the

precipitation of metals is not selective, thus leimdg metal recovery (Siergaal., 2013).

Membrane separation processes (MSP) possess maaytages over traditional AMD
treatments, such as adaptability to changes in fbbzaracteristics, low operating times,
modular design and ease of use. Furthermore, duses a permeate with high quality which
can be reused in the process thus reducing taxaswater catchment and effluent disposal.
On the other hand, MSP have relatively high openatli costs and membrane fouling may
occur by salts precipitation, which increases therational costs and decreases the process
efficiency (Sierraet al., 2013). Therefore, for this technology to be ecoiwally feasible in
large scale in the treatment of gold AMD, the psscenust be thoroughly studied and

optimized.
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1.1.3 Membrane Separation Processes

Membrane separation processes (MSP) use a seld@ivier (membrane) which under a
driving force can promote the total or partial gegian of the solution components. The feed
solution is then divided into two streams: the fi@t that crosses the membrane called the
permeate; and the fraction which remains in the fede called the retentate (Baker, 2012).
FIGURE 1.2 shows a simplified diagram of a membrsegaration process, herg Q, and

Qr represents the feed, permeate and retentateréisgectively; and ¢CC, and G represents,
respectively, the feed, permeate and retentateti@oluconcentration of any solution

component.

FIGURE 1.2 — Schematic diagram of a simplified memb  rane separation process
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The pressure-driven MSP are the most well-estadgdismembrane technologies. They
include: microfiltration (MF); ultrafiltration (UF)nanofiltration (NF); and reverse osmosis
(RO). Classification of the pressure-driven membraechnologies are based on the
membrane pore size and the size of particles andones retained by it. FIGURE 1.3 shows
the pore size range of MF, UF, NF and RO membraaed, the size range of common
constituents of aqueous solutions and streamst(ai., 2011). As can be seen in FIGURE
1.3, MF and UF processes use porous membraneguwiéhsize, ranging from 100 to 5000
nm and from 10 to 100 nm, respectively (Janetlgl., 2014). They are low-pressure MSP
and are used to remove microorganisms, and suspeamtkecolloidal particles from the feed
solution (Liet al., 2011).
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FIGURE 1.3 — Pore size range of pressure-driven MSP
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Source: Advanced membrane technology and applications (Li et al., 2011).

RO membranes are dense non-porous membranes (@ndliGiorno, 2009). The free
volumes observed in these membranes are the Speaivesen the polymeric chains caused by
thermal vibration of the polymer molecules (Bakg®12). These membranes can separate
solution components of low molecular weight, likemovalent inorganic ions (Jamadyal.,
2014). The predominant transport mechanism thrde@hmembranes follows the solution-
diffusion model. In this model the solution compotsedissolve in the membrane material
and then diffuse through the membrane. Thus, membselectivity is achieved due to
differences in the solution components solubilityhe membrane material, and differences in
the solution components diffusion rate (Baker, 3012

NF membranes are an intermediate between UF meesdeard RO membranes (Hiklal.,
2005; Baker, 2012). They have pore sizes rangiogn frl-2 nm and can retain small
molecules like divalent inorganic ions and sugdesralyet al., 2014). Permeation through
NF membranes is a complex combination of molecelausion and charge interaction as
well as on the solution-diffusion mechanism (Driatd Giorno, 2009). Both NF and RO are
of special interest in water and wastewater treatpees they can retain macromolecules as

well as dissolved inorganic ions.

The interest in MSP has increased expressively cedjjye due to the need for more
sustainable technologies, to the more restrictegulations and directives, to the growing
consumer demand for high-quality and safe produtdsthe increasing environmental

concern, and to the confidence and acceptance disiry for advanced technologies.
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Moreover, the increase in membrane units throughioeitworld has decreased the cost of

membrane modules, thus making these processesecmmemically viable.

The literature presents few studies of AMD treattmeith MSP. Al-Zoubiet al. (2010)
studied the treatment of two synthetic AMD solusionrith nanofiltration (NF99-Alfalaval
and DK-GE-Osmonics) and reverse osmosis membratiRS8PP- Alfalaval). Sierrat al.
(2013) treated a mercury AMD using the NF-2540 memé (FILMTEC"). Mullett et al.
(2014) investigated the treatment of a cooper AMithviwo NF membranes (NF 270-Dow
and TS 80-TriSep). Although these studies pointh@ viability of this technology, they
evaluate the effects of some operational paramétgrslo not attempt to optimize AMD
treatment. The long-term viability of AMD treatmewith MSP was even less studied. It
depends on the membrane stability to the AMD soiiytand to the chemical cleaning agent

used to maintain membrane fouling controlled.

Therefore, this study aimed to evaluate some ofritha operational parameters of MSP and
optimize them. With this optimization, a more pseecinvestment and cost estimate could then
be conducted. Finally, membrane chemical cleaniag studied and membrane ageing during

AMD treatment was investigated.

1.2 Justification

AMD is an effluent generated at some mining sitésctv has been recognized as one of the
major environmental problems of mining activity.i$t characterized by low pH and high
concentrations of sulfate; as well as elevated eoinations of metals and metalloids. Mining
and mineral processing are activities of great enoa importance in Brazil and, in 2013,
Brazil was the world's 1" largest gold producer; the state of Minas Geriseaaccounted
for almost 50% of the national gold production. fiere, the study in Minas Gerais of AMD
mitigating technologies is well justified. MSP, speally NF and RO are of special interest
for AMD treatment since they can efficiently retalivalent ions like sulfate and metals. In
addition, the high quality of the permeate obtaifredn both these processes indicates the
possibility for water reuse in the industrial prese The literature indicates the technical
viability of these processes; however, further gtigl needed, specifically on operational
parameters optimization, economic viability and rbesme ageing (due to contact with

chemical cleaning solution and effluent).
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1.3 Objectives

1.3.1 General Objective

The present study aims to investigate the use pbfiiaation and reverse osmosis in the
treatment of gold acid mine drainage aiming at wateduction with high quality for

industrial reuse.

1.3.2 Specific Objectives

The specific objectives are:

1. Investigate the influence of different pretreatnsesm the nanofiltration of AMD;

2. Evaluate different nanofiltration and reverse ossiasembranes, selecting the most
suited for this application;

3. Study the influence of feed pH on the NF procesd aptimize this operational
parameter;

4. Optimize water recovery rate aiming at higher pext@eproductivity and lower
membrane-fouling tendency;

5. Conduct a preliminary investment and cost estimaftehe optimized treatment
system;

6. Evaluate membrane cleaning agents and optimizelé&aaing solution concentration;

7. Investigate membrane fouling during AMD treatment;

8. Study the NF270 membrane ageing by AMD retentatké arwombination of AMD

retentate and cleaning solution.

1.4 Document Structure

This study consists of two parts. The first paresented in Chapter 2, assess the influence of
the main operational parameters of pressure-driveambrane separation processes on
permeate flux and pollutants retention efficienclesomprises the specific objectives 1 to 5.
The second part, presented in Chapter 3, invessghe membrane fouling by AMD and the
chemical cleaning necessary to partially restoeeftiuled membrane. Moreover, membrane
ageing by direct contact with the AMD retentateuioh and chemical cleaning solution were
evaluated. It comprises the specific objectiveso8t Each chapter was presented in an
independent manner, in an article format. Lastlsuamary of the experimental progress and

suggestions for future research are presentedapt€h4 and 5.
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2 CHAPTER

GOLD ACID MINE DRAINAGE TREATMENT BY
MEMBRANE SEPARATION PROCESSES: AN EVALUATION
OF THE MAIN OPERATIONAL CONDITIONS
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2.1 Introduction

Gold has high commercial value because of the @enpyoperties and relative scarcity of this
element. Gold mining and processing are importaoinemic activities in Brazil, and, in
2013, the mineral extraction industry accounted4fd® of Brazil's GDP (Gross Domestic
Product) (DNPM, 2014). More than 90% of the primgojd ore in Brazil is refractory ore
(MME, 2009), which generally contains sulfide mialer The oxidation of sulfide minerals in
mining waste, tailings, and structures of activaloandoned mines can cause the formation of
acid mine drainage (AMD). AMD is recognized as afghe most difficult environmental
problems confronting mining companies; becausehefdcological consequences of AMD,
the difficulty of controlling it once it has stadethe large volumes involved, the high
associated treatment costs, and the perpetuitiieoptocess (Grand# al., 2010). AMD is
characterized by low pH and high concentrationutfase, as well as high concentrations of
metals and metalloids (Johnson and Hallberg, 28@bjes-Arenast al., 2006; Sierrat al.,
2013).

The mining industry, similar to many other indusitisectors, is positioning itself within the
sustainability agenda, which encompasses concejts as sustainability and sustainable
development (Onn and Woodley, 2014). From a watemge perspective, this entails
extracting natural resources at a rate lower tkmmatural replacement rate, and employing
technological advancements to minimize and optintieenatural resources requirement. In
this context, membrane separation processes (M®Ptha most promising technologies to
reduce effluent discharge, and minimize water megoent through wastewater reclamation.
MSP have high efficiency, reliability, ease of ogteyn, high adaptability to changes in feed
flow, low operation times, and modular design (&iwal., 2011). Both nanofiltration (NF) and
reverse osmosis (RO) processes can retain saltamatals from the feed solution and,
therefore, show high potential for AMD treatmentad at water reuse (Fornaredi al.,
2013). RO membranes are permeable to water buttasuiadly impermeable to salts;
therefore, they are suitable to separate ioniciepedissolved metals, and organic molecules
of low molar mass (Baker, 2012). On the other hadwd, membranes are an intermediate
between RO and ultrafiltration (UF) membranes. Néemembranes have higher permeate
fluxes than RO membranes and can retain multivaterg and dissolved molecules, with a
molecular weight between 200 and 1,000 g/mol éval., 2010).
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However, NF and RO processes are highly susceptlbieembrane fouling, which is caused
by the deposition of organic and inorganic matted/ar the formation of biofilms on the
membrane surface (Simon, Mcdonadtial., 2013). Although membrane fouling in MSP is
inevitable, the rate and extent of fouling can h#8uenced by the feed characteristics,
membrane properties, and operational conditionsi @val., 2010). It is essential to control
membrane fouling to ensure an economically feasiplration. Membrane fouling: increases
the feed pressure requirement, which leads to highergy consumption or lower system
productivity; increases the chemical costs and gesliihe membrane lifespan because of the
increased cleaning frequency; increases the patesftdamage to the membrane; and causes
deterioration in the permeate quality because dlugced water permeability and higher
concentration polarization (Arg al., 2011).

Feed characteristics play a significant role inedaining foulant—-membrane and foulant—
foulant interactions, and, consequently, membran#irffg tendency (Weiet al., 2010).

Effluent pretreatment can improve feed solutionrabgeristics by removing some foulant
compounds, such as colloidal impurities, inorgapiecipitates, macromolecules, and
biological contaminants, thereby reducing the fogiltendency of the membrane. Various
technologies are available for effluent and watertrpatment and in the selection of the
technology, one must consider the most expected breema foulants. Inadequate feed
pretreatment is the major cause for RO systemr&ihefficiency (Chakravorty and Layson,
1997); therefore, the system should be well desigmed operated. Moreover, variations in
the feed quality have to be monitored, as they ccdwg transferred to the NF or RO
membranes (Pearce, 2008). Microfiltration (MF) anttafiltration (UF) are often used as
effluent pretreatment for NF and RO systems. Bezaighe smaller pore size, MF and UF
are more effective at removing fouling componentsl garticulates than conventional

pretreatments.

The membrane surface properties, such as hydroghgbydrophilicity, surface roughness,
and membrane charge density and charge polariggttiirinfluence the fouling tendency of
the membrane. The majority of commercial NF andR&nbranes are made from polymers
that have high thermal, chemical, and mechaniediilgly (Lalia et al., 2013), and functional
groups, such as -OH and -BlHcan be added to the membrane surface to incriémse
hydrophilicity. The surface charge of NF and RO rbeames improves the solutes rejection

because of the electrostatic interactions betwéencharged solutes and the membrane.
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Usually, commercial membranes are negatively clthrige minimize the adsorption of
negatively charged organic foulants and to incresalé rejection (Liet al., 2011). The
negative surface charge can be accomplished by@ddnctional groups, such as sulfonic
and/or carboxylic acid groups, as these groupsdegnotonate in the feed solution (Ladia
al., 2013). Therefore, the surface properties of thembrane depend on the polymeric
material of the membrane, the manufacturing prqcasd the added functional groups, as
well as the conditions to which the membrane isosed. The feed solution pH, for example,
has a significant effect on the membrane chargdlandistribution of solute species, as it can
protonate and deprotonate the membrane functiormipg and/or the molecules in the

solution; and consequently, influences the proeffssency.

Finally, operational conditions, such as feed pmesstemperature, and feed flow rate,
influence the convective transport of foulants tovéhe membrane surface (Wet al.,
2010). Wangt al. (2005) have observed that higher operating pressyielded higher initial
permeate flux but faster decline in permeate flithwme, which is explained by the severer
membrane fouling originated from foulants drag, s#rfoulant layers and consequent higher
concentration polarization. They also studied dtogs velocity, and higher velocities
lessened membrane fouling. This is explained bylhek transport of solute to the bulk
solution, consequently diminishing concentratiorlapgeation. However, one of the most
important operational conditions for designing NB/Rystems is the water recovery rate. The
water recovery rate (RR) is defined as the feed flate divided by the permeate flow rate.
Consequently, higher RR implies higher system peoditly and lower retentate production,
which, consequently, influence the treatment capacid the investment in equipment @i
al., 2014). The water recovery rate is limited by meréase in the solute concentration of the
feed solution. This increase leads to higher osmatéssure, lower effective pressure, and
higher fouling tendency because of the higher cotnagon polarization. Jamaht al. (2014)
pointed out that the water recovery rate had thengest effect on both capital and

operational costs.

Al-Zoubi et al. (2010) studied the treatment of two synthetic AMiDIutions with

nanofiltration (NF99-Alfalaval and DK-GE-Osmonicgind reverse osmosis membranes
(HR98PP- Alfalaval). These authors evaluated theces of pressure, temperature, and feed
flow rate on pollutants rejection and permeate .flike results showed that NF was more

suitable for AMD treatment at low temperatures bseaof its higher permeate flux. The
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rejection of heavy metal ions by nanofiltration @¥W®-Dow membrane) was further
investigated by Al-Rashdit al. (2013) pertaining to the effects of feed pH, puessand
metal concentration on cations rejection and peteniax. These authors observed that metal
rejection was higher at a feed pH below the meniaoelectric point, attributable to the
positive charge on the membrane surface. Tests alsoecarried out on non-synthetic AMD
solutions. Sierrat al. (2013) treated mercury AMD by employing the NF-QZEILMTEC™)
membrane. They studied the effects of pressure \asldme reduction factor (feed
concentration) and observed that the permeatewhscsimilar to the pure water flux up to a
pressure of 10 bar, which suggests low concenirgtaarization. Moreover, the rejection of
pollutants increased with the pressure and, atatPDdulfate rejection was 88%. On the other
hand, Mullett et al. (2014) investigated the treatment of copper AMDthwiwo NF
membranes (NF 270-Dow and TS 80-TriSep). They cotedufeed pH and water recovery
tests; however, only for the feed pH test with tié 270 membrane used non-synthetic
effluent. The results for this tests show thatwsu(S?) rejection increased with higher pH,
while the rejection of cations (Ca Cu? Mg, and Mri® decreased with higher pH.

Moreover, all the reported rejections were highant88%.

Evidently, membrane separation processes showdd gutential for AMD treatment, with
high pollutants retention efficiencies. Howevettharough evaluation of AMD treatment in
relation to all the main process characteristics wil needed. Therefore, the aim of this
study was to evaluate gold AMD treatment relevarfeed pretreatment, membrane selection,
pH adjustment, and maximum water recovery. Withs¢heonditions optimized, a more

realistic cost assessment could be obtained.

2.2 Materials and Methods

2.2.1 Analytical Methods

Multi-element analyses of liquid samples were pented by ion chromatography (Dionex
ICS-1000 ion chromatography, equipped with colugpetionPac AS22 and lonPac CS12A).
The other parameters analyzed were pH (pHmeterx@aalQX 1500), conductivity (Hanna
conductivity meter HI 9835), turbidity (Hach 2100ANrbidimeter), and solid fractions. All
analyses were performed in accordance withSiaadard Methods for the Examination of
Water and Wastewater (APHA, 2005).
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2.2.2 Gold Acid Mine Drainage Characterization

AMD was collected at a gold mining company sitdghia state of Minas Gerais, Brazil. The
company has two underground gold mines and an indugrocessing plant. AMD was
collected at one of the underground mines, at oot level below ground. The AMD flow
rate at this industrial facility was 15°h. The AMD characteristics vary throughout theryea
and the effluent properties of greatest interesh&present study are presented in TABLE
2.1.

TABLE 2.1 — AMD main characteristics

Characteristics T collection 2% collection  3° collection
pH 3.35 2.74 3.76
Color (uH) 30.1 31.1 268.4
Turbidity (UNT) 74 199 120
Total Organic Carbon (mg/L) 1.4 2.3 -
Conductivity (uS/cm) 2,841 2,744 2,573
Total Solids (mg/L) 2,409 2,926 3,102
Sulfate (mg/L) 984.5 1,406.1 1,959.5
Chloride (mg/L) 4.5 54.5 151.5
Calcium (mg/L) 282 323 284
Magnesium (mg/L) 125 97 226

Each batch of experiments used the same AMD calesample to enable the comparison of
the results.
2.2.3 Membrane Separation Processes

2.2.3.1 Microfiltration and Ultrafiltration

The microfiltration (MF) module was a submerged rbeame module provided by Pam

Membranas Seletivas Ltda., with a filtration ar€8.64 nf, average pore diameter of Que,
and a polyetherimide-based polymer. MF occurreal @tessure of 0.7 bar, with up to 60% of

water recovery.

The ultrafiltration (UF) module was a commerciabswerged membrane (ZeeWeed) module,
with a filtration area of 0.047 maverage pore diameter of 0.04 micrometers, aRYRF-

based polymer. UF occurred at 0.7 bar, with upO& ®&f water recovery.

Programa de Pds-graduacdo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



2.2.3.2 Nanofiltration and Reverse Osmosis

For the nanofiltration and reverse osmosis experigje bench-scale unit was used. This unit
comprised the following: a supply tank, a pumpatve for pressure adjustment, a rotameter,
a manometer, a thermometer, and a stainless-steglbrane cell. The diameter of this
membrane cell is 9.8 cm, providing a filtration ad 75 cm?2, and the diameter of the inlet
channel is 0.64 cm. A feed spacer with approxiniaigkness of 1 mm was placed over the
membrane to promote flow distribution. FIGURE Zkischematic of the NF/RO unit.

FIGURE 2.1 — Schematic of NF/RO unit

Thermometer Manometer

// <§%

Membrane Cell

Rotameter

Supply Tank Pump

This unit used flat-sheet commercial membranes #fiey had been properly cut to fit the
membrane cell. These membranes were first placeshimltrasound bath with citric acid

solution at pH 2.5, followed by an ultrasound baith 0.1% NaOH solution, for 20 minutes

each. This procedure aimed to remove possible uakidomponents from the membrane
surface. Subsequently, one clean membrane at awemseinserted onto the membrane cell
and pre-compacted with distilled water at 10 batil permeate flux stabilization. Finally, the

effluent filtration test was conducted at 10 baithva feed flow rate of 0.14 {h, and the

temperature at approximately 25 °C.

Permeate flux (J) was measured by collecting thenve of permeate by time in a measuring
cylinder and dividing the result by the filtrati@mea. The membrane water permeability (K)
for each test was obtained from the linearizatibthe ratio of normalized permeate flux of
pure water fy) by applied pressuredP) at 10.0, 8.0, 6.0, and 4.0 bar. Flux normalizatio
25 °C was accomplished by means of a correctiotofaelated to the fluid viscosity, as
shown in EQUATION 5:
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AV () (Eg. 5)
T A-At u(25°0)

In

where AV/At is the permeate volume by time, A is the filtratiarea ]y is the normalized
permeate flux at 25 °Qy(T) is the water viscosity at the process temperaaumé (25 °C) is

the water temperature at 25 °C.

2.2.3.3 Resistance to filtration

According to the simplified resistance-in-seriesdelo the total filtration resistance could be
divided into intrinsic membrane resistance and ifmukesistance. The intrinsic membrane
resistance to filtrationRy;) was determined from EQUATION 6:

M ™ K- u(25°0)

The fouling resistance to filtratiolR ) was calculated based on the values of the naredli
effluent permeate flux](y) obtained near the end of each experiment, as rshiow
EQUATION 7:

AP — o - Anm

Rr = —~———Rm (Eq.7)

u(25°c) ‘InE
where AP — o - Am) is the process effective pressure, i.e., appbexsure minus osmotic
pressure, multiplied by the reflection coefficigiMoble and Stern, 1995). The reflection
coefficient ) was estimated as the average molar retention, thedosmotic pressure
difference was calculated using the van't Hoff ¢éigua(EQUATION 8):

n Eq. 8
AnzZ(Cr—Cp)-R-T (-9

i=0

where G and G are the concentrations of solute “i” on the red@mtand permeate,

respectively, R is the universal gas constant, Tarsdthe temperature in Kelvin.

2.2.4 Evaluation of Effluent Pretreatment

The impact of feed pretreatment on nanofiltratiaswevaluated in terms of permeate quality,

permeate flux, and fouling resistance. Three difiieifeed solutions were used, namely, raw
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effluent, effluent pre-filtered with qualitativeltér paper (Fmaia -18n), and effluent pre-
filtered by microfiltration. The AMD used on thesgperiments was from thé' tollection.
Nanofiltration was carried out with the membraneOlFsupplied by Dow Filmtec (TABLE
2.2).

After the membrane was pre-compacted, nanofiltnatisth the three AMD feed solutions
was carried out for two hours. The permeate flud e temperature were measured every
seven minutes. The final accumulated permeate wléected for analysis, while the retentate
was continuously returned to the supply tank. Feed permeate were analyzed for
conductivity, total solids, and ion concentrations.

2.2.5 Nanofiltration and Reverse Osmosis Membranes Evaldmsn

The feed solution characteristics and the requpedneate quality for reuse can directly
influence the membrane selection for a given pmcé&sree NF membranes and two RO
membranes were compared for the treatment of goldlDAThe NF membranes analyzed
were NF90, NF270, and MPF-34, while the RO memlsamealyzed were TFC-HR and
BW30. TABLE 2.2 shows the main characteristics hidse membranes, as provided by the

suppliers.

TABLE 2.2 — Membranes characteristics as provided b
Reverse Osmosis

y the suppliers
Nanofiltration

Characteristic TFC-HR BW30 MPF-34 NF90 NF270
Supplier Koch . Dow Ny Koch . Dow iy .Dow iy
Membrane Filmtec Membrane Filmtec Filmtec

Proprietary Polyamide| Proprietary Polyamide Polyamide

Membrane Material TFC® Thin-Film | SelRG"  Thin-Film  Thin-Film

Maximum Operating

polyamide Composite

composite Composite Composite

41 41 35 41 41
Pressure (bar)
Maximum Opertzltlng 45 45 70 40 40
Temperature (°C)
pHRange, | 4 44 2-11 0-14 2-11 2-11
Continuous Operatiomn
NaCl Retention 99.55%  99.5% 35%° 85-95%" -
CaCl Retention - - - - 40-60%
MgSQ, Retention - - - >97% > 97%'

 Test conditions: 2,000 mg/L NaCl at 15.5 bar applied pressure, 15% recovery, 25 °C, and pH 7.5.
® Test conditions: 2,000 ppm NacCl at 15.5 bar applied pressure, 15% recovery, and 25 °C.

° Test conditions: 5% NaCl at 30 bar, 30 °C.
4 Test conditions: 2,000 ppm NacCl at 4.8 bar applied pressure, 15% recovery, and 25 °C.

¢ Test conditions: 500 ppm CaCl, at 4.8 bar applied pressure, 25 °C, and 15% recovery.
"Test conditions: 2,000 ppm MgSO, at 4.8 bar applied pressure, 25 °C, and 15% recovery.
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The NF270, NF90, and BW30 Dow Filmieanembranes were selected to obtain a wide
range of salt rejection values. The NF270 is adod& membrane, with low salt rejection;
while the NF90 is a tight NF membrane, with modenajection; and the BW30 is a RO
membrane, with high rejection, commonly used indbeond pass of RO desalination @u
al., 2011). On the other hand, the MPF-34 and TFC-H&HK Membrane Systeffis
membranes were selected for stability over a washgye of pH (0—14) and high salt rejection,
respectively. The TFC-HR membrane is a low-pres®@emembrane, typically used in the
treatment of brackish water and in water reclanmatiujiokaet al., 2012), whereas the MPF-
34 membrane can be used for acid and caustic rectezause of its high pH resistance
(Balanyaet al., 2009).

AMD from the second collection was used for the roemes evaluation and MF was
conducted as NF or RO pretreatment. The nanofdtraind reverse osmosis experiments
were carried until a water recovery rate of 10% wehieved. The permeate flux,
temperature, and the permeate accumulated volume measured periodically. The final
accumulated permeate was collected for analysislewthe retentate was continuously
returned to the supply tank. Feed and permeatéi@aduwere analyzed for conductivity, total

solids, and ion concentrations.

2.2.6 Evaluation of Different Feed pH Values in Nanofiltration

The influence of feed pH on gold AMD nanofiltratiomas assessed. The nanofiltration

membranes investigated were the NFO0 and NF270e e assessed feed pHs values were
3.2 (natural effluent pH), 4.2, 5.0, 5.5, and 6l@6e AMD used on these experiments was
from the second collection.

Initially, the effluent pH was adjusted to the dedivalue with NaOH 5.0N solution, and,
subsequently UF was conducted as NF pretreatmamdlly; NF was carried out for four
hours. Permeate flux, temperature, and accumuladetieate volume were measured every
15 minutes. The final accumulated permeate wasdelll for analysis, while the retentate
was continuously returned to the supply tank. Faedi permeate solutions were analyzed for

conductivity, total solids, and ion concentrations.
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2.2.7 Maximum Water Recovery Rate

The water recovery rate is defined as the ratideed flux (Q) to permeate flux (§)
(EQUATION 9). It is an important index for NF systedesign, since it affects the process
capacity and the demand for investment in equipment

_%
Qf

(Eg. 9)

RR 100%

The maximum water recovery rate for the treatmehgad AMD was experimentally
determined. This experiment used AMD from the ttdodlection. First, the pH of the AMD
was adjusted to 5.5 and, subsequently, the effiweastpretreated with UF. Finally, a volume
of 10 L of this pretreated effluent was nanofiltkrdlF was carried out until a water recovery
rate of 80% was obtained. The permeate was calldoteanalysis, while the retentate was

continuously returned to the supply tank.

At every 100 mL of permeate obtained, the permiateand the temperature were measured;
while at every 500 mL obtained, the conductivitylaaH were measured; and at every 1,000

mL obtained, the ion concentrations were determined

2.2.8 Preliminary Investment and Cost Estimate

A preliminary study was conducted to estimate theital and operational expenses (CapEx
and OpEx) of the optimized AMD treatment system.e Tfollowing variables were
considered: membrane unit cost, membrane repladeaikalizing agents, chemical cleaning

agents, energy consumption, and system maintenance.

The capital cost of the UF-NF membrane unit considleone filtration stage and a AMD
volumetric flow of 15 m3/h, which is theapacityof thedesigned systertQ,.;). TO estimate
the capital cost per cubic meter of effluent, thpi@l cost was annualized by means of the
amortization factor, as presented in EQUATION 16t(Band Wiesner, 2000):

AP = ic(1+i,)Pt (Eq. 10)
S (1+i)PL -1
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where (A/P) is the amortization factag,is the investment rate (in 2015 was equal to 180% i
Brazil), and DL is the design life of the plant.eTWF-NF system design life was considered
to be 15 years. The capital cost per cubic meterafsdained from EQUATION 11:

_ Ceap - A/P (Eq. 11)

C 2 =
cap/m Qdes

whereCq, m2 is the capital cost per cubic meter of effluent,, is the system capital cost,

andQ@ ., is the capacity of the designed system.

Membrane replacement costs considered an averagebnaee lifespan of 5 years. To
determine the cost for membrane replacement, tipgireel membrane area for UF and NF
was determined. The recovery rate was set at 90% G0% for ultrafiltration and
nanofiltration respectively. An average permeats f 25 L/h.m2 was considered for NF,
and of 40 L/h.m2 for UF. NF and UF membranes ca&re 50.00 and 75.00 US dollars per
square meter, respectively. These prices were gedvby a large commercial membrane
supplier.

The alkalizing agent used was NaOH. The volumeaDN solution used to adjust the pH of
the raw effluent was measured and used to estitnateeutralizing cost of the process. In this
estimate, NaOH price was assumed as 425.00 US#/tdaOH". In the cost estimation of the
chemical cleaning agent, a cleaning frequency ceanweek for one hour was assumed. The
cleaning agent used was HCI solution at 0.2% w/hiclv has an approximate price of 7.10
US$/L of HCI (37%f. The volume of the cleaning solution considerezvtblume of the NF
modules and the an estimated volume of the feedetnth pipes.

The energy cost estimate comprised the UF powenineggent and the NF feed pump
requirement. The UF power requirement was estimat€2 kWh/m(Pearce, 2008). The NF
feed pump requirement was obtained from EQUATIONSahd 13 (Sethi and Wiesner,
2000):

! value available at: fttp://www.icis.com/resources/news/2006/05/06/2@B36hemical-profile-caustic-
soda®. Accessed on: 13 October 2015.
2 Value available at: fttps://www.spectrumchemical.com Accessed on: 13 October 2015.
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J-A (Eq. 12)

Or =R

_AP-Q¢ (Eg. 13)
Br=—

whereQ is the NF feed flowEy is the energy for feed pumpjs the average NF permeate

flux (equals 25 L/h.m?), A is the total NF membraarea, RR is the water recovery rate
(60%), AP is the applied pressure (10 bar), ant the feed pump efficiency (considered as
70%). The energy tariff paid by this mining compamBrazil is 0.04 US$/kWh (considering
an exchange rate of US$1 = R$0.25).

Maintenance costs were estimated at 5% per yetreoinitial investment cost (She al.,
2014).

2.3 Results and Discussion

2.3.1 Evaluation of Effluent Pretreatment

Pretreatment is an important step in NF and ROatjoers, since the membrane will be less
prone to fouling because of the removal of foulasponents from the feed solution. Acid
mine drainage (AMD) effluent with three differentefreatments were tested as NF feed
solutions, namely, raw AMD, AMD pre-filtered withuglitative paper, and microfiltered
AMD. The qualitative paper filter has a pore diaenaif 8um, close to the pore diameter of

industrial cartridge filters, which is approximat&um (Shahalanet al., 2002).

The aim of this study was to evaluate the influeatsuspended solids filtration in a later
stage of nanofiltration. TABLE 2.3 shows the solfdaction obtained for the raw AMD

sample. It is clear that, although the total soli@S) content was extremely high, the total
suspended solids (TSS) content was low, and repexs®nly 1.5% of TS. Although small,

this fraction will be totally retained by the NF/R@@embrane, declining the permeate flux and
reducing the membrane lifespan. Chakravorty andsday(1997) highlighted the importance
of robust pretreatment for RO, especially when féwd water was highly variable, when
permeate quality characteristics were important| when there was a shortage of skilled

operators. All these conditions are met in AMD tneent aimed at water reuse.
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TABLE 2.3 — AMD solids fraction
Total solids ~ Total fixed Total volatile _ 1O Fixed Volatile
(mg/L) solids (mg/L) solids (mg/L) suspended suspended suspended
solids (mg/L) solids (mg/L) solids (mg/L)
2,409 1,845 564 36 27 9

As is apparent from TABLE 2.3 there is a high concaion of total fixed solids (TFS)
compared with total volatile solids (TVS). The TVWSusually considered organic matter,
although some organic matter will not volatize ahhtemperature (500 °C), while some
inorganic matter will volatize (Tchobanogloasal., 2003). On the other hand, the TFS is
mostly composed of inorganic matter and ions. Tioeee the main foulant anticipated in
AMD treatment is scaling, and not biofouling. Sngliis formed by the crystallization and
deposition of sparingly soluble inorganic saltsrigfas techniques can be applied to minimize
scaling, such as pH adjustment, system design,aatiescaling dosage (Karabelasal.,
2014; Henthorne and Boysen, 2015). Because of ihle toncentrations of sulfate and
calcium ions in AMD, calcium sulfate (Ca%Oscaling is the most anticipated in AMD
treatment. Jamalyet al. (2014) stressed the importance of anti-scalingluetian and
optimization prior to usage. In this study, ant@goy was not used to enhance permeate
recovery, since retentate treatment by precipta{@s CaS@ or CaCQ) would be more
difficult after an anti-scaling dosage. A detailedaluation of AMD treatment with anti-

scaling will be undertaken in future work.

TABLE 2.4 shows the concentration of the main galhis in the permeate, and the system
characteristics obtained during nanofiltration. Tgwlutant concentration was measured on
the accumulated nanofiltration permeate (obtainét e NFO90 membrane) for each feed
pretreatment, while the observed retention efficye(R,,s) was obtained from EQUATION
14:

(Eq. 14)

Cf B Cp
R,ps (%) = C -100%

whereCy andC, are the concentrations in the feed and permedtitiats for each solution

component.

As is clear, all the retention efficiencies obtainveere particularly high. Nevertheless, it was
observed that using stronger pretreatment resuhliedmproved final permeate quality
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(TABLE 2.4), probably because the process is mtale in this condition. As this treatment
system aims to obtain a high quality permeate,ablet for reuse as process water, the
retention of sulfate and calcium ions have to bendped, as these ions can precipitate in
pipes and equipment, resulting in damage. The aseren the retention efficiency of these
ions is an advantage of using microfiltration pri@emanofiltration for the proposed treatment
system. Chakravorty and Layson (1997) reportedrthettofiltration pretreatment was able to
deal with high load variation in a desalinationrpjavhile providing consistent water quality.
On the other hand, media filters (such as the taiiaie paper filter used in this study) could

leak pollutants when the feed flow rate changedarzecame overloaded.

TABLE 2.4 — Concentration of the main pollutants on the permeate with the NF90

membrane, and system characteristics during nanofil tration
érl\gt[?eatment Characteristics Raw AMD Prep-\mtgred Mlcﬂ;llgzred
Total Solids (mg/L) 495 (79.5) 482 (80.0) 293 (97.8
Permeate | caicium (mglL) 93.9 (66.7) 82.3(70.8)  42.8 (84.8)
%Oquﬁggﬁ“on Magnesium (mg/L) 67.7 (45.9) 59.1 (52.8)  18.7 (85.0)
(9%)] Sulfate (mg/L) 7.2 (99.3) 6.7 (99.3) 5.2 (99.5)
Chloride (mg/L) 1.4 (68.0) 1.1 (75.7) 1.2 (74.0)
Reflection Coefficientd) 0.77 0.80 0.91
APegiective(bar) 9.67 9.64 9.53
Average Permeate Flux b
System WatergFqu (%) ’ 8r.1 9.1 9.1
Characteristics | Water Permeability 8 4x10%2 1 3x10 9 3x10%
(m3/s.m2.Pa)
Membrane Resistance &h 1.3x10"  8.5x10% 1.2x10%
Final Fouling Resistance (h | 2.6x10%  2.4x10% 3.2x10*

TABLE 2.4 shows the values of the reflection caméiint and the process effective pressure
for each AMD pretreatment. It is clear that theeefive pressure of the experiment with
microfiltered AMD was lower than that with raw AMDODThis result was expected since the
retention of pollutants in this condition was highecreasing the reflection coefficient.
Moreover, the osmotic pressure of the permeatg (vas lower, thereby increasing the
osmotic pressure difference between the feed amg@dimeate solutionaf = mz — mp). As

a result, we can conclude that for the same appliesisure (P), the process effective pressure
(which is the driving force for filtration) is 1.5%wer with microfiltered AMD than with raw
AMD.
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The ratio of average effluent permeate flux by walex was 87.1, 79.1, and 79.1,
respectively, for the raw AMD, the pre-filtered AMRnd the microfiltered AMD (TABLE
2.4). In this case, effluent permeate flux by wdhex was used to minimize the influences
that variations in water permeability could have the comparison of effluent permeate
fluxes. The lower permeate flux with the microfikd AMD can be partly explained by the
lower effective pressure obtained in this conditidlowever, a complete investigation of the
fouling mechanism is needed to fully explain theeed difference. The average permeate
flux for the microfiltered AMD was 26.4 L/h.m Sierraet al. (2013) obtained with the
NF2540 membrane a permeate flux of approximatelyL46m? for mercury AMD at an
effective pressure of 10 bar and feed flow raté,600 L/min. Besides the obvious difference
in effluent solution and membrane characteristits,increase in feed flow rate increases the
shearing forces and decreases membrane foulinghwdauald explain the higher permeate

flux obtained.

The water permeability (K) of the NFOO membraneptbhene resistance to filtration {R
and fouling resistance {Rare indicated in TABLE 2.4 for each AMD pretreamh
investigated. Water permeability was measured bedfftuent filtration, and its variability is

a result of variations in the membrane charactesisor in the effectiveness of membrane
cleaning. From TABLE 2.4 it is clear that the firfauling resistances obtained after two
hours of filtration for each pretreatment had thme order of magnitude, which suggests that
the nanofiltration of raw, pre-filtered, and midiefred AMD does not cause severe
membrane fouling. The low fouling tendency is alsorroborated by the low initial
concentrations of fouling components, such as sulgeesolids and organic matter, in the raw
effluent. However, even low concentrations of foglicomponents can directly increase the
frequency of cleaning and maintenance of the menebaad, therefore, reduce the membrane
lifespan. Moreover, the high variability of AMD thughout the year suggests the importance
of pretreatment to prevent possible damage to duréa of the system. Additionally,
microfiltration (or ultrafiltration) can ensure lngr permeate flux, reduce fouling and

chemical usage, and increase on-stream time (PR&4@8).

2.3.2 Evaluation of Nanofiltration and Reverse Osmosis M@abranes

The retention of the total fixed solids (TFS) oé tAMD can be accomplished by NF or RO
processes. These two MSP can retain in a greatéesser extent the dissolved ions in

solution (main constituent of TFS) thus obtainingeameate with high quality to be reused in
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the industrial process. All five membranes usedthis study are thin-film anisotropic
composite membranes with a thin polyamide (PA) diayer over a microporous support
layer. Since the permeation rate is inversely prib@aal to the membrane thickness, a thinner
membrane provides higher permeation rates. The maralskin layer provides separation
properties and permeation rates, while the micrag®rdayer provides mechanical strength
(Tuetal., 2011; Baker, 2012).

TABLE 2.5 presents the water permeability, membnaséstance, fouling resistance at 10%
of effluent recovery rate, and average permeate. fAs anticipated, the RO membranes
tested (TFC-HR and BW30) showed permeate fluxessiderably lower than the NF
membranes (MPF34, NF90, and NF270) during theafiin time. Among the NF
membranes, the NF270 showed the highest permeatehitoughout the test. The average
permeate flux of the NF270 membrane was 88.6 L9harhile the average permeate fluxes of
the BW30 and TFC-HR RO membranes were 10.0 and WB.27, respectively, which
confirmed the denser polymeric structure of the€emiembranes. The NF270 membrane had
a water permeability 44.1 and 58.8% higher tharother two NF membranes, namely, NF90
and MPF-34, respectively. These results are in rdecwe with the structure of these
membranes and with the water permeability repomedther work (Balanneet al., 2005;
Balanyaet al., 2009; Tuet al., 2011).

TABLE 2.5 — Water permeability, membrane resistance , average permeate flux, and
fouling resistance
Water Membrane Average Fouling resistance
Membrane permeability resistance permeate flux at 10% water

(m’s.nf.Pa) (m?) (L/h.m?) recovery (m?)
TFC-HR 3.4x10*  3.3x10% 10.2+0.2 4.1x18°3
BW30 3.2x10%  3.5x10* 10.0+0.3 3.1x18°
MPF-34 1.4x168*  8.1x10%3 45.2+1.9 4.8x18?
NF90 1.9x1d*  6.0x10"3 55.7+3.0 1.0x18°3
NF270 3.4x10*  3.3x10% 88.6+4.2 1.1x10°

The required membrane area to treat the gold AN ik directly dependent on the average
permeate fluxes obtained for each membrane. Thieai@n of the required membrane area
is crucial to the design of the NF/RO system, sih@dfects the capital investment (CapEx),

as well as the operational and maintenance cogiSX0Because the NF has higher fluxes at

lower applied pressure, it has been suggestedeagréierable membrane separation process
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for effluent treatment (Balanneat al., 2005; Al-Zoubiet al., 2010; Fornarellet al., 2013;
Mullett et al., 2014).

Moreover, higher fouling resistances were obsefeedhe RO membranes than for the NF
membranes (TABLE 2.5). The RO membranes tend te hagher concentration polarization
resistances compared with the NF membranes, dthblaito their higher rate of ionic
rejection. In addition, these high rejections irsres the fouling tendency of RO membranes,
owing to an increase in ion concentration at thenbrane surface that tends to precipitate.
The membrane-fouling tendency in pressure-drivaxtgsses can also be influenced by the
membrane surface properties, since membranes wibother and/or more hydrophilic
surfaces tend to have a lower fouling tendency (8/al., 2013). Tuet al. (2011) reported a
water contact angle of 54.6+3.0°, 50.9+4.9°, an@28.4° for the BW30, NF90, and NF270
membranes, respectively. Liet al. (2011) reported a root-mean-squared roughness of
118.6+12.3nm and 72.8+£9.5nm for the BW30 and NF@bnbranes, respectively. Therefore,
a lower fouling tendency was expected for the NFnim@nes compared with the RO
membranes. Among the NF membranes, a lower watetacioangle and lower surface

roughness also increased water permeability andgee flux.

TABLE 2.6 shows the main pollutant concentrationd ¢e retention efficiency of the final
accumulated permeate for each membrane. It is woteywthe high retention efficiencies of
these membranes. This results that all concentiatianalyzed were lower than the
concentrations obtained for the industry procesteeméince RO membranes have denser
polymeric structures, with a smaller molecular vaeigut-off, higher retention efficiencies
were expected for the TFC-HR and BW30 membranes Whs observed for the TFC-HR
permeate, which had the lowest pollutant conceantratof all the parameters analyzed.
However, the BW30 permeate had higher pollutantcentrations than the tested NF
membranes had. The lower ionic rejection efficieacof the BW30 membrane compared
with the TFC-HR was also reported in the treatnodrskimmed milk (Balanneet al., 2005).
Among the NF membranes, the NFO0 showed the higleésttion efficiency, which is in
agreement with the structure of this membrane éfwal., 2011). Moreover, the NF270
membrane not only provided a higher permeate fhantthe MPF-34 but also had higher
retention efficiencies. Bargemaet al. (2009) reported higher sulfate retention with the
NF270 than with the MPF-34 in a vacuum-salt produncplant, of, respectively, 98 and 89%.
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The treated mother liquor in this plant contain@$-285 g/L of NaCl and 550-600 mmol/L
of sulfate.

TABLE 2.6 — Main pollutants concentration and reten  tion efficiency of NF/RO permeate
for each membrane

Permeate Concentration [Retention (%)]

Membrane Conductivity TS Calcium Sulfate
(uS/cm) (mg/L) (mg/L) (mg/L)
TFC-HR 78 (97.2) 38(98.7) <2.5(>99.2)2.2 (99.8%)
BW30 517 (81.2) 485 (83.4x 2.5 (>99.2) 9.7 (99.3%)
MPF-34 442 (83.9) 295 (89.9) 10.3 (96.8) 4.1 (99.7%)
NF90 170 (93.8) 146 (95.0) 3.1 (99.0) 4.5 (99.7%)
NF270 379 (86.2) 207 (92.9) 8.8 (97.3) 2.6 (99.8%)
Process watéer 710 1.374 104 304

 Process water quality

The selection of the most appropriate membraneafgiven application should take into
consideration both the quality of the final perreeand the average permeate flux, as these
factors directly influence the capital and openadiocosts of the system. The low average
permeate flux obtained for the TFC-HR membrane makecost-prohibitive for this
application, especially since the NF membraneseaeki satisfactory pollutant retention for
water reuse. The BW30 membrane had low retentiboiegicy and low average permeate
flux, and, consequently, was not suitable for AMBatment. Among the NF membranes, the
NF90 had the highest retention efficiency, while MF270 had the highest average permeate
flux; therefore, these two membranes were the mi@shising for AMD treatment.

2.3.3 Evaluation of Different Feed pH Values in Nanofiltration

The gold AMD studied has natural pH of approximat&P. The pH has to be neutralized for
water reuse, as the process water has neutral pHD Aeutralization can be performed
before or after the UF and NF processes. Sincefédhd pH can directly influence the
membrane properties and pollutants speciationarit &lter the nanofiltration performance.
Therefore, a complete evaluation of the two moghable membranes for AMD treatment at
different feed pH was necessary. Membrane propersech as membrane surface charge,
isoelectric point, and pore size are the main ppkedédent properties (Carvall@al., 2011,
Al-Rashdiet al., 2013; Fornarellet al., 2013; Mullettet al., 2014).
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FIGURE 2.2 shows the ratio of permeate flux to pueger flux versus filtration time for the
NF90 [FIGURE 2.2(a)] and the NF270 [FIGURE 2.2(mpmbranes. The permeate flux
decreased continuously over time with both memlwabecause of an increase in
concentration polarization, pore blocking, and iahitfouling formation during filtration.
TABLE 2.7 shows the values of membrane resistamck veater permeability, as well as
permeate flux by pure water flux, permeate fluxg dauling resistance at 40% RR. The
different initial permeate fluxes led to differamaiter recovery rates (RR) for each pH tested.
Therefore, since permeate flux and fouling resistaare dependent on RR, these results were
presented at a fixed RR of 40%.

FIGURE 2.2 — Permeate flux by pure water flux as a  function of permeation time and
feed pH for membranes a) NF90 and b) NF270
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TABLE 2.7 — Membrane resistance, water permeability , permeate flux by pure water
flux at 40% RR, permeate flux at 40% RR, and foulin g resistance at 40% RR for the
membranes NF90 and NF270

Permeate Flux Permeate Fouling
Membrane Water .

Membrane pH Resistance Permeability by Water Flux Flux Resistance
o) (RR=40%) (RR=40%) (RR=40%)

(m™) (m3/s.m2.Pa) -1
] (%) (L/h.m2) (mh)
3.2 5.44><101j 2.06x10" 66.5% 49.5 2.45xféj‘
4.2 5.34><101j 2.10x10" 64.4% 48.8 2.63><I'6:‘
NF90 5.0 5.54><101j 2.03x10" 57.0% 41.6 3.69xf6j‘
55 5.20x10%F  2.16x10" 64.0% 49.7 2.48x 16
6.0 3.53x10%F  3.18x10" 64.9% 74.4 1.63x16°
3.5 5.30x10%F 2.12x10" 73.3% 55.9 1.61x16°
4.2 4.80x10YF  2.34x10 74.5% 62.7 1.22x 1"
NF270 5.0 4.95x10F 2.27x10" 68.9% 56.3 1.62x16°
5.5 5.35x10¥  2.10x10" 85.3% 64.4 3.50x 16
6.1 5.10x10Y¥  2.20x10" 72.6% 57.5 1.35x 1%

The lower initial permeate flux by water flux fdret NF90 membrane occurred at pH 3.2, the
natural pH [FIGURE 2.2(a)] of AMD. However, flux dee during filtration at this pH was
smaller, suggesting a lower tendency for membranéng. Moreover, the highest permeate
flux at 40% RR was at pH 3.2, corresponding to @(3ABLE 2.7). Therefore, this pH was
the best operational condition for the NFO0 meméréor gold AMD treatment. The initial
permeate fluxes by water fluxes were higher at nmengtral pHs (ph 5.5 and 6.0); but, with
the rapid flux decline during filtration, the perate flux at these pHs became smaller than
that at pH 3.2. For example, at 40% RR, the perenbat by water flux at pH 6.0 was 64.9%
while at pH 3.2 was 66.5% (TABLE 2.7).

On the other hand, for the NF270 membrane [FIGUREDZ], pH 5.5 showed the smallest
flux decline during filtration. At this pH, the paeate flux by water flux at 40% RR was
85.3% (TABLE 2.7). Additionally, the permeate flexdy water fluxes for the NF270
membrane at all pHs were higher than those of tR@ONmembrane. Hilaét al. (2005)
reported higher pore size distribution for the NG27embrane in comparison with the NF90,
which, consequently, allowed for higher water pealilgy. Moreover, these authors reported
higher surface roughness for the NFO90 membrane.stiface roughness is responsible for
the adhesive force, which results in a higher fauliendency and increased permeate flux
decay. Therefore, as anticipated, the NF270 menshpparmeate flux by water flux at pH 5.5
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and 40% RR (i.e., 64.4 L/hAnwas 23% higher than that of the NF90 membrargHa8.2
and 40% RR (i.e., 49.5 L/h3n

The importance of dividing permeate flux by watexfin comparing the results of TABLE
2.7 has to be emphasized. If permeate fluxes (mn3) were analyzed separately, it would
indicate that the NFO0 membrane at pH 6.0 was gable for AMD treatment. However, its
higher permeate flux is a direct result of the lowembrane resistance and higher water flux.
Commercial membranes such as the NFO0 and NF276aareomogeneous; therefore, the
water permeability of a specific part of the menmeraised in a one test could differ from that
of another part of the membrane used in a subsétgsn

TABLE 2.8 shows the sulfate, calcium, and magnesicomcentrations and retention
efficiencies of the NF90 and NF270 accumulated pates for each pH tested. Higher ionic
retentions were observed with the NF270 membramepaoced with the NFOO membrane,
even though the NF90 is a tighter NF membrane tharNF270 and, therefore, should have
higher ionic rejections. The observed higher sgeation could occur for more permeable
membranes because of the higher water flux, whalldc counterbalance the higher salt
permeation and provide a higher net rejection (Glebal., 2008).

TABLE 2.8 — Main ionic concentrations and retention efficiencies of the NF90 and
NF270 accumulated permeates at each feed pH

Sulfate (mg/L) Calcium (mg/L) Magnesium (mg/L)

pH [Retention (%)] [Retention (%)] [Retention (%)]

NF90 NF270 NF90 NF270 NFO0 NF270
3.2 | 548.6 (61.0) - 133.2 (58.8) - 98.3 () -
3.5 - 451.0 (75.6 - 102.3 (68.3 - 85.1 (12.5)
4.2 | 532.2(62.2) 257.5(86.1) 110.3 (65.9) 80.0 (75.2)| 93.1(4.3) 62.8(35.5)
5.0 | 679.4(51.7)230.0 (87.5) 45.2(86.0) 42.7(86.8) 28.0(71.2) 25.4(73.9)
5.5 | 518.3(63.2) 256.5 (86.1) 62.3(80.7) 22.2(93.1) 45.1(53.6) 5.0(94.9)
6.0 | 452.9 (67.8) - 79.6 (75.4) - 62.4 (35.9) -
6.1 - 264.6 (85.7 - 36.3 (88.8) - 19.1 (80.4)

The exclusion of charged patrticles by nanofiltnatis governed by a sum of convective and
diffusive effects, steric hindrance, and electribstapulsion; therefore, the membrane surface
charge plays an important role in the retentiolPAMD pollutants. The membrane surface

charge can be characterized by the zeta potemttach is usually evaluated by streaming
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potential measurements with electrolyte solutiofise solution pH that leads to a neutral
membrane charge is defined as the membrane isoelpoint (IEP). At pH vaues lower than
the IEP, the membrane is positively charged, whitepH values higher than the IEP, it is
negatively charged (Liet al., 2011). The literature reports numerous zeta piaien
measurements of the NF90 and NF270 membranes \fittretht electrolyte solutions.
TABLE 2.9 shows a summary of these results. Thaame IEP values obtained for the
NF270 and NF90 membranes from the literature wefe &d 5.3, respectively. The
variability of the reported IEP values is mosthated to differences in the chemical solutions
used in each test. In addition, the solution pH @redhardness cations also have a significant

effect on the membrane charge (Teixeiral., 2005).

TABLE 2.9 — Reported NF90 and NF270 membranes zeta potential

Membrane Author pH Range Electrolyte Solution IEP
Carvalhoet al. (2011) 4-8 0.1 mMKCI 5.7
NF90 Tuetal. (2011) 2.5-10.5 10 mMKCI 4.8
Doetal. (2012) 3-9 10 mMNacCl 55

Tannineret al. (2004) - 1 mMKCI 3.3

Dalwaniet al. (2011) 2-11 5 mMKCI 3.2
NF270 Tuetal. (2011) 2.5-10.5 10 mMKCI 2.7
Doetal. (2012) 3-9 10 mMNacCl 3.1
Simon, Priceet al. (2013) 2.5-10 1 mMKCI 2.8

At the isoelectric point, the membrane charge 1® znd salt rejection is expected to be
minimal because of a lack of electrostatic repuldiglullett et al., 2014). This explains the
minimal sulfate retentions observed in the NF90 &#270 membranes at pH 5.0 (i.e.,
51.7%) and pH 3.5 (i.e., 75.6%) (TABLE 2.8), bothadnich were quite close to the average
IEP reported in the literature. The lower sulfatgention with the NFOO membrane can also
be better explained in terms of the membrane seirdharge. lonic separation by electrostatic
repulsion is based on the Donnan exclusion mectmanmgcording to this mechanism, co-
ions (ions with the same charge as the membraeakegelled by the membrane surface and,
subsequently, counter-ions are retained by the meamslbto maintain the electroneutrality of
the solution (Teixeireet al., 2005). At pH higher than 3.5, the NF270 membrbaad a
negative surface charge and, consequently, seddctrepelled anions and retained cations.
Since the sulfate (S@) is a divalent anion, it is more strongly repelled the NF270
membrane. On the other hand, the NF90 membrangessvely charged at pH lower than
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5.0. Consequently, the sulfate was retained to taiairthe electroneutrality of the solution.
However, this process is not as selective as #wrektatic repulsion. At pH higher than 5.0,
the NFOO membrane increased the sulfate retentnohhagher pH (and therefore higher

negative surface charge) led to higher sulfatentite.

In conclusion, the NF270 membrane showed bettesnpiad for the treatment of gold AMD
compared with the NFOO membrane. The NF270 memlpemaded a higher permeate flux
by water flux at a water recovery rate (RR) of 408tyer initial membrane investment, and
higher ionic retentions. Among the pH values test#ti the NF270 membrane, pH 5.0 had
the highest sulfate retention (87.5%) but the lavwesmeate flux by water flux at 40% RR
(68.9%). On the other hand, pH 4.2 and pH 5.5 shomedian values of sulfate retention
(86.1% in both instances). Furthermore, at pH thé& NF270 showed the highest calcium and
magnesium retentions (respectively, 93.1% and 94.886 the highest permeate flux by
water flux at 40% RR (85.3%). It follows that th&2V0 membrane at pH 5.5 had the highest
potential for gold AMD treatment.

2.3.4 Maximum Water Recovery Rate

The water recovery rate is an important index fesigning water treatment plants by
pressure-driven membrane separation processese sindirectly influences treatment
capacity, equipment investment, membrane-foulingdéacy, and operational costs. An
increase in the recovery rate leads to increassdi $elution concentration over filtration time

and higher concentration polarization, which rediheeretention efficiency.

The permeate concentration and retention efficiasfajie main dissolved ions as a function
of the water recovery rate are presented in TABLED2FIGURE 2.3 shows the permeate
conductivity and conductivity retention by the watecovery rate. The values presented in
TABLE 2.10 and FIGURE 2.3 are the concentration aadductivity obtained after every
1.000 and 500 mL of permeate, respectively; aitemheasurement, the permeate sample was
stored and a new sample started (at a higher recoate). Therefore, these values do not
reflect the quality of the final accumulated pertegedut the quality of the effluent generated
at that specific recovery rate. An increasing trexath be observed in the permeation of
pollutants with the increase in the recovery raereover, as can be seen in TABLE 2.10,
the permeate quality obtained up to a recoveryah&9% was higher than the quality of the
process water used by this mining company (TABL&.ZThis finding suggests the viability

Programa de Pds-graduacdo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



of permeate reuse in the industrial process. At IRgher than 60%, the magnesium
concentration in the permeate was slightly supeadhat of the process water. However, this
difference does not diminish the potential to retise permeate, since the magnesium
concentration was still below the critical values fvater. The continuous decline in the
quality of the permeate is also clear from FIGURB, 2vith the increase in permeate
conductivity with recovery rate. A sharp decline aanductivity retention efficiency was
observed at 60% RR. At 60% RR, the conductivity ™45 pS/cm, which increased to 1628
puS/cm at 70% RR. Bargemahal. (2009) treated sulfate waste in a vacuum-salt yrthoin
plant for 500 h at CF = 1.2-1.4 and reported astalifate retention between 97 and 90%.

TABLE 2.10 — Main pollutants concentration and rete  ntion efficiency of the AMD
permeate with the NF270 membrane at ph 5.5, at ever y 10% of water recovery rate

Permeate Concentration [Retention (%)]

Recovery

Calcium Magnesium Sulfate Chloride
Rae®®)  mgy)  mg)  (mgl)  (mgh)
10 3.5(98.8) 4.2 (98.2) 64.2 (96.7) 1.9 (98.8)
20 3.7 (98.7) 3.0 (98.7) 64.8 (96.7) 1.6 (98.9)
30 5.3(98.1) 4.6 (98.0) 91.4 (95.3) 3.3(97.8)
40 6.9 (97.6) 8.1 (96.4) 119.5 (93.9) 3.2 (97.9)
50 15.1 (94.7) 10.7 (95.3) 192.4 (90.2) 3.1(97.9)
60 13.3 (95.3) 10.8 (95.2) 262.1(86.6) 4.4 (97.1)
70 20.1 (92.9) 13.0(94.3) 273.1(86.1) 4.8 (96.3)
80 27.7 (90.2) 14.4 (93.6) 301.6 (84.6) 6.0 (96.1)

FIGURE 2.3 — Conductivity and conductivity retentio  n efficiency of the AMD permeate
with the NF270 membrane as a function of water reco  very rate
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The concentration factor (CF) is a widely used peter in RO systems to determine the feed
solution concentration over filtration time. Singalt permeation in RO is close to zero, the
CF can be simply calculated from the water recovatg. However, salt permeation in NF
systems is not zero, and an observed salt retefatcdor must be considered in the calculation
of CF, as shown in EQUATION 15 (Bt al., 2014):

Cr _ 1= RR - (1= Rops) (Eq. 15)

CF=—
Cr 1—RR

where C, and C; are the molar concentrations in the retentate #ed feed solutions,
respectively, an® s is the observed molar salt retention. The obsemelédr salt retention
(Rops) IS the total accumulated permeate retention @itlain ions at a specific recovery rate,
which was calculated by the arithmetic mean of ghemeate molar retentions before each
RR. FIGURE 2.4 shows the relation between RR and & the observed salt retention
(Rops) by CF. Water recovery rate and concentrationofaetre both used to reflect the
concentration degree of the feed solution. The ed=& inR,,; with CF was expected

because of the higher salt concentration at the breme surfaceC{,) and concentration
polarization.

FIGURE 2.4 — Observed salt retention ( R,ps) and recovery rate (RR) by concentration

factor (CF)
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The salt concentration at the membrane surfégg €an be obtained by EQUATION 16
(Noble and Stern, 1995):
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(Eq. 16)

whereC, andC, are the molar concentrations in the retentatep@nheate, respectively, J is
the permeate flux (in m3h.m2), and k is the maasdfer coefficient. The mass transfer
coefficient was calculated as demonstrated by Rical. (2015), and its numerical value was
6.56x10° and 5.46x108, respectively for S¢F and C&. WithC,,, the membrane real
rejection R..5) can be determined by EQUATION 17:

c Eq. 17
R.ous =<1—C—”)-100% (Eq.17)
m

The molar concentration at the membrane surfégg @nd the real rejectiomR(.,) for

calcium and sulfate ions are shown in FIGURE 2.% dgnction of the recovery rate (RR).
The increase in RR led to an increasé€jp howeverR.., was almost constant throughout
the filtration time. This indicates that the memiwaselectivity was preserved during AMD

treatment.

FIGURE 2.5 - C,, and R4 Values for calcium and sulfate at different RR
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To conclude, CaSQsupersaturation degree was calculated, as shovEQUUATION

(Ricciet al., 2015):

18
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(Eq. 18)

1
. I IP r
Ky

whereKj,is the solubility product under operational corati, and IP is the product of the
molar concentration of calcium and sulfate ions.
K

r Sp
Koy =—
Yca2+Vso,2-

(Eq. 19)

whereK, is the calcium sulfate solubility product at 25aad at ionic strength equal to zero,
andyc.2+ andy,,,2- are the activity coefficients of calcium and stéféons, respectively,

predicted by Davies equation. Because of conceorgiolarization, the calcium and sulfate
concentrations at the bulk of the solutioty or C.) and at the membrane surfadg,)
differed; consequently, the supersaturation degvas calculated separately for these two
conditions. TABLE 2.11 shows the values of supersaion degree (S) for water recovery
rates up to 80%. The solution was supersaturatesh e supersaturation degree was higher
than unity. It is clear that the feed solutionR&R = 0%) was not supersaturated <), but,

at 10% RR, the retentate bulk solution was alreadpersaturated (S= 1.03). The
supersaturation degree in the bulk solution cowotiusly increased with RR because of the
increased ionic concentration in the solution. Mees, for all RR values, the supersaturation
degree (§) of the membrane surface was higher than the sapgation degree {of the
bulk solution, because of the concentration podaion. When the solubility limit for mineral
salt is exceeded, a potential membrane scalinglgmolcould occur and antiscaling is
recommended for the feed solution (Bader, 2007;eGabet al., 2007). However, in the
entire experiment, CaSOprecipitation was not observed and the industrydajines
recommend an upper operating limit of supersatmaltielow 2.3 for CaSO(TAB, 2008).
Since the supersaturation degree at the membrafeceswas lower than 2.3 for RR lower
than 60%, antiscaling was not mandatory. Howevecpuld still increase maximum water

recovery and decrease the fouling tendency.

TABLE 2.11 — Supersaturation degree in the bulk of  the solution (S ) and at the
membrane surface (S ) at different recovery rates

Recovery Rate (%) 0% 10% 20% 30% 40% 50% 60% 70% 80%
S 096 103 1.11 119 1.34 151 1.74 212 2385
Sm - 137 148 157 175 195 222 258 3.24
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The water recovery rate (RR) is mostly restrictgdsbaling fouling formation and osmotic
pressure increase (Bial., 2014). FIGURE 2.6 shows the permeate flux andgs® effective
pressure versus water recovery rate (RR). The psoadfective pressuredP®qsrective)
continuously decreased because of the increasenio concentration of the feed solution,

which, consequently, increased the osmotic pregsijeof the feed solution and the osmotic

pressure differential/r). It is clear from FIGURE 2.6 that up to a RR \&bf approximately
60%, permeate flux decay followed the effectivespuge decay. This shows there was no
severe scaling fouling on the membrane surface.eMaar, the decrease in the process
driving force @P.¢ective) Was the sole reason for the variation of perméateup to 60%
RR. However, after 60% RR, the permeate flux deeay sharper than the effective pressure
decay. This implies that the decrease in the dyitamce alone did not explain the variation in
permeate flux; therefore, we had to consider thambrane fouling was taking place. The
initial normalized permeate flux was 61.2 L/R,decreasing to 52.3 L/h’mat 60% recovery,
and reaching 27.7 L/hat the end of the experiment (RR = 80%).

FIGURE 2.6 — Permeate flux, natural logarithm of fo  uling resistance, and process
effective pressure as a function of water recovery rate
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FIGURE 2.6 shows the natural logarithm of foulirgsistance and membrane resistance
versus the water recovery rate. The fouling resegaor 20% RR is not shown here, as it
provided a negative value. The fouling resistanes wvalculated as the total resistance minus
the membrane resistance (EQUATION 7); thereforaggative value simply indicated the
proximity of the membrane resistance to the taaistance, and was within the experimental
error. After 60% RR, the fouling resistance inceghslightly, which aided understanding the

sharper decrease in permeate flux (FIGURE 2.6} Hfie recovery rate.
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In conclusion, the maximum water recovery rate inlehfor a single NF step in the treatment
of gold AMD with the NF270 membrane was 60%. Abdvis RR, the permeate flux decay
would be sharper than the effective pressure deunagbrane fouling would be more severe,

and permeate quality would decline.

2.3.5 Preliminary Investment and Cost Estimate

TABLE 2.12 shows a summary of the main capital apérational expenses (CapEx and
OpEXx) of the NF treatment system. The CapEx ofUReNF unit was US$131,250.00. The
required UF and NF membrane area was 337%md 324.0 M) respectively. A mass of
0.067 kg of NaOH per cubic meter of effluent waguieed for pH adjustment. The monthly
volume of HCI 0.2% required for membrane chemidahging was 0.39 Pn The estimated
NF power requirement for feed pump was 0.40 kWhfofus 0.2 kWh/m for the UF unit.
Other costs, such as labor and retentate dispesad not assessed in this work, and neither

was the profit for water reuse and environmenténzation.

TABLE 2.12 — Cost estimation of the UF-NF treatment  system for AMD

Description Values Units
Annual System Capacity 131,040%year
Average Permeate Flux 0.028%h.n?
Required UF Membrane Area 337.50°
System Required NF Membrane Area 324.00°
Characteristics Design Plant Life 15Years
Membrane Lifespan SYears
Brazil Investment Rate 106
Energy Price 0.04US$/kwWh
CapEx UF-NF Systems 131,250.00JS$
UF-NF Membrane Replacement 0.0685$/n?
Capital Cost Amortization 0.132JS$/n?
Alkalizing Agent (pH = 5.5) 0.028JS$/n?
OpEx Cleaning Agent 0.003US$/n?
UF-NF Energy Requirement 0.024S$/n?
Maintenance 0.00US$/n?
Total 0.257 US$/n?
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The total capital cost (CapEx) of the NF system estimated at 131,250.00 US dollars and
the total operational cost (OpEx) at 0.257 US dslfger cubic meter of effluent. These values
are similar to those indicated in the literatureréhflo et al. (2002) reported that for the
nanofiltration (NF200B — Filmtec/Dow) of 7,300,066/year of pretreated groundwater, with
high hardness and NOM content, the CapEx and Opé&be 8,897,000 € and 0.23 €m
respectively. And Costa and De Pinho (2006) obthiiee the nanofiltration (NF200B-400 —
Filmtec/Dow) of 100,000 Aiday of surface water for drinking water product@CapEx and
OpEx of 17,610,716 € and 0.214 €/mespectively.

Finally, the price of the alkalizing agent represenl 1% of the total OpEx. Caustic soda is an
expensive alkalizing agent and industries usuafiplya soda ash, lime, or limestone to
increase effluent pH. However, because of the asmd acidity of the effluent (the effluent
from the first collection had and acidity of 188.0hy CaCQ@/L), the high cost for pH
adjustment was expected. Moreover, the effluentwaidld have to be increased for either
water reuse or effluent discharge; therefore, ¢bist was independent of the AMD treatment

method selected.

2.4 Conclusions

« MF/UF was selected as the most appropriate pretegdtfor NF/RO treatment, since it

improved the quality of the final permeate and wedlthe fouling tendency.

e In comparison, NF was more suitable for AMD treatin¢than RO because of the
extremely low permeate fluxes of the RO membrat8(and 10.2 L/h.ffor the BW30
and TFC-HR membranes, respectively), which incredle initial investment cost of the
membrane system. Among the NF membranes, the NFE@D tlhe highest retention
efficiency (99.7% for sulfate and 99.0% for calcpyrand the NF270 had the highest
permeate flux (88.6 L/h.fh

 The NF270 membrane at pH 5.5 was selected as tilse pnamising for AMD treatment
because it had the lowest fouling tendency (fouhegjstance at 40% water recovery rate
was 4.15x10% m™), the highest permeate flux by water flux (85.3%)d high ionic
retention (93.1, 94.9, and 86.1% for calcium, magma, and sulfate retentions,

respectively).

* The maximum water recovery rate (RR) for a singéament at the optimized conditions

was 60%. The permeate quality obtained up to avesgaate of 60% was superior to the
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process water quality used by this mining compargy, (13.3 mg/L calcium and 262.1
mg/L sulfate). Furthermore, the permeate flux desed, following the same trend as the
effective pressure decrease up to 60% RR. After BRpothe permeate flux decrease was

sharper, indicating higher membrane fouling.

The total capital cost (CapEx) of the NF treatmegstem was estimated at US$
131,250.00, and the total operational cost (OpEag %257 US$/rhof effluent.
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3 CHAPTER

ACID MINE DRAINAGE TREATMENT BY
NANOFILTRATION: A STUDY OF MEMBRANE FOULING,
CHEMICAL CLEANING, AND MEMBRANE AGEING
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3.1 Introduction

Acid mine drainage (AMD) is an effluent formed dwgithe oxidation of sulfide minerals
found in mining waste, tailings, and mine structuoé abandoned or active mines (Anawar,
2013). AMD is characterized by low pH, high sulfatencentration (S§¥), and variable
concentrations of metals and metalloids. Nanofitira(NF) and reverse osmosis (RO) are
established technologies for heavy metal retenteomj recent studies have successfully
applied membrane separation processes (MSP) tosyethetic and real AMD (Mullet al.,
2014). Moreover, NF has been suggested as therglodfemembrane separation process for
effluent treatment due to its higher permeate fllower required pressure and energy
consumption, and lower capital investment and dperal cost (Fornarellet al., 2013). In
terms of composition, the RO and NF membranes minkly used nowadays are polyamide
(PA)-based thin-film composite (TFC) membranes.sEh@embranes provide high selectivity
and water permeability; however, they may be deggtdry a number of chemicals, including
chlorine (Doet al., 2012). In Chapter 2, the treatment of gold AMDM$P was evaluated.
The pretreatment, type of process, commercial menghrfeed pH, and water recovery rate
were assessed. The best operational conditions feenrel with the NF membrane, NF270,
treating pretreated AMD (microfiltration or bettesy pH 5.5 and with a maximum water
recovery rate of 60%. The permeate obtained aetbpsrational conditions was suitable for

industrial reuse.

In MSP, the rejection of solution components irely places a constraint on all pressure-
driven processes. The rejected components tenccdonallate at the membrane surface
leading to a decrease in permeate flux or an iseréatransmembrane pressure (defined as
the difference between the applied pressutB) (minus the osmotic pressure difference
between the retentate and permeate sides of thebraeen Am)) (Judd, 2010). This
accumulation of solution components is known as brame fouling and is caused by the
deposition of organic and inorganic matter andderformation of biofilms on the membrane
surface (Simon, Mcdonaldet al.,, 2013). Despite the numerous studies on the stibjec
membrane fouling is inevitable and a major problenNF application (Wekt al., 2010).
Because membrane fouling causes a decline in ptiodycdeteriorates permeate quality,
increases energy consumption and treatment cadtstasrtens membrane lifespan, it must be

controlled for an economically feasible operatiéng et al., 2011).
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Membrane fouling can be removed partially by phgisior chemical cleaning. Membrane
physical cleaning methods include hydraulic clegr{lmack pulse and back flush), ultrasonic
vibration, air or CQ sparging, and back permeation (Regsilal., 2014). Physical cleaning
methods are less expensive than chemical cleangtgans. They also provide many other
advantages over chemical cleaning, such as higimiclg process velocity (usually less than
2-min duration), low chemical demand, and no chamicaste to be disposed of; moreover,
physical cleaning is less likely to degrade the fdmeme and/or decrease the membrane
lifespan (Judd, 2010). Physical cleaning is perdrat regular intervals and removes most of
the reversible membrane fouling. However, its @ficy tends to decrease during membrane
operation, as more irreversible membrane foulirguawlates at the membrane surface. Once

this occurs, chemical cleaning is recommended (Sackeret al., 2014).

Membrane chemical cleaning involves both chemical physical interactions. Chemical
interactions are related to the reaction betweerctbaning agent and the fouling layer. This
reaction lessens the structural integrity of thelifg layer, thus facilitating its mechanical
removal. In contrast, physical interactions aratex to the mass transport of components
from the bulk solution to the membrane surface fmooh the membrane surface to the bulk
solution (Sohrabgt al., 2011). Periodic chemical cleaning often represé¢m¢ only way to
partially restore the initial permeate flux (Kluptnd Frimmel, 2010). There is a large variety
of membrane cleaning chemicals commercially avhdlabat are typically divided into
alkaline cleaners (e.g., sodium hydroxide (NaOH)id cleaners (e.g., hydrochloric acid
(HCI), phosphoric acid (§PQy), and citric acid); surfactants (e.g., tetra-sadiethylene
diamine tetraacetic acid (D@DTA), and sodium dodecyl sulfate (Na-SDS)); andt sa
solutions (e.g., NbEBOsH and NaS;0,). Alkaline cleaners are usually recommended for
organic-fouled membranes and acid cleaners for mamels fouled with inorganic salts.
Surfactants have hydrophilic and hydrophobic groapd are, therefore, soluble in both
organic and aqueous solvents. They solubilize @miove macromolecules in the fouling
layer by forming micelles around them. Inert saliuons can be used as an alternative for
cleaning membranes fouled by gel-forming hydrophdrganic foulants (Angt al., 2011).
Thus, the selection of the best cleaning agenglead directly to the foulants identified, or
expected, on the membrane surface. The membrareziahatlso must be considered when
selecting a cleaning agent because some combisatbrcleaning agent and membrane
material may result in the irreversible loss of rbeame performance and shorten the
membrane lifespan. Other factors that need to besidered during membrane chemical

Programa de Pds-graduacdo em Saneamento, Meio Ambiente e Recursos Hidricos da UFMG



cleaning are cleaning agent concentration and pskes temperature, pressure, and flow
rate; and cleaning time (Weti al., 2010; Simon, Pricest al., 2013).

Although essential in any NF/RO application, chahicleaning may accelerate the
membrane ageing process (Simon, Rrtal., 2013). Membrane ageing is considered as the
changes from the initial state and properties efrtfembrane over time. It is a comparative
analysis, which cannot be determined quantitativéiembrane ageing depends on the
operational conditions of both the process andcteaning step. Moreover, membrane aging
can result in a decrease in process productivityperease in required physical and chemical
cleaning frequency, modification of the membrane/sptochemical properties (such as
membrane hydrophobicity and surface roughnesgratibn of membrane selectivity, and
loss of integrity (Regulat al., 2014).

Membrane chemical cleaning has been fairly studiédi et al. (2010) studied the Desal-5
DK membrane (Osmonics, USA) fouling process dudamplex pharmaceutical wastewater
treatment and then evaluated the chemical clegmogess based on the identification of the
membrane foulants. The complex pharmaceutical wadéx was characterized by high
chemical oxygen demand (COD), total dissolved so(itDS), and inorganic ions (such as
Na', C&*, SQ?, and HCQ@). After 3 h of operation, some calcium sulfate aadcium
carbonate foulants appeared on the membrane sunf@aceover, these salts content increased
after 180 h of operation. Membrane chemical clegnésts showed the following order for
cleaning efficiencies: NaOH (pH 11) < HCI (pH 2#ric acid (pH 2) < NzEDTA (10 mM).
Ang et al. (2011) investigated the effect of different ROarleng modes after membrane
fouling of the LFC-1 membrane (Hydranautics, Oced®sCA) during wastewater treatment.
The cleaning solutions studied were NaOH, disodiethylene diamine tetraacetate
(N&EDTA), sodium dodecyl sulfate (SDS), and sodiunodbe (NaCl). The sequence or
combination of two cleaning agents was compareth@ouse of one cleaning agent. It was
observed that the addition of NaOH enhanced therativeleaning performance when
introduced with other chemical agents, due to hisitg to loosen the organic fouling layer.
However, as far as we know, no study has beenghddi specifically on the cleaning process

of membranes fouled during AMD treatment.

Simon et al. (2012) studied the effect of chemical cleaninghwibur cleaning solutions

(NaOH, citric acid, SDS, and EDTA) at three diff@resolution concentrations on virgin
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NF270 membranes (Dow FilmtecMinneapolis, MN, USA). They measured the membrane
zeta potential, hydrophobicity, permeability, amiuges rejection before and after membrane
exposure to the cleaning solution for 18 h at 35 NMany differences were observed in the
membrane characteristics due to membrane ageitigebgieaning solution. The salt rejection
decreased especially with caustic cleaning atadtentrations and with acidic cleaning at pH
1.5. In a later study, Simon, Prjca al. (2013) evaluated the effect of cleaning tempeeatur
on NF270 membrane ageing. The same cleaning saduticere tested for 18 h and the
cleaning temperature was set at 20, 35, or 50 °l@yTconcluded that the cleaning
temperature did not exert any discernible impacttioe surface charge of the NF270
membrane, but amplified or reduced the impact dreroinembrane properties (such as
hydrophobicity, surface roughness, and water pebitiga as well as solute rejection. Dsb

al. (2012) assessed the degradation of PA membrane8O(NBW30, and NF270; Dow
Filmtec") by prolonged hypochlorite exposure at differeofuson concentrations and
exposure time. Membrane characterization and pedoce tests were conducted. X-ray
photoelectron spectroscopy (XPS) results showed ¢hborine attachment onto the PA
surface decreased in the following order: NFOO >3W- NF270. However, no study of

membrane ageing by HCI or other acid solutionsfeasd in the literature.

Therefore, the aim of this study was to investighife membrane fouling during AMD
treatment and the cleaning efficiency of differehemical cleaning agents to this fouling
layer. AMD has low concentrations of organic comgrais, and thus, it was expected to form
a fouling layer different from those assessed heostudies. Moreover, this study aimed to
evaluate the membrane ageing caused by prolongedatavith the AMD effluent, the best

cleaning agent solution, and the best combinatidroth solutions.

3.2 Materials and Methods
3.2.1 Effluent Characterization
AMD was collected on the fourth level below grounidan underground gold mine in the

state of Minas Gerais, Brazil. AMD characteristi@gy throughout the year, and the main

properties of the two samples used for this studypeaesented in TABLE 3.1.
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TABLE 3.1 — AMD main characteristics

Conductivity ggltigls Sulfate Chloride Calcium Magnesium

AMD pH

(uS/cm) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
1% collection 3.76 2,573 3,102 1,959.5 151.5 284 226
2" collection 3.35 2,965 3,432 2,767.7 14.1 309 114

3.2.2 Unit Description

Ultrafiltration (UF) was conducted on a commercislibmerged membrane module
(ZeeWeed) with a filtration area of 0.047,molyvinylidenefluoride (PVDF)-based polymer
composition, and average pore diameter of 0.04fFnoccurred at 0.7 bar and up to 60% of

water recovery rate.

NF tests were carried out in a bench-scale unis Tihit comprised one supply tank (ST), one
pump, one valve for pressure adjustment, one rd&mene manometer, one thermometer,
and one stainless steel membrane cell. The stairde=el membrane cell had a 9.8 cm
diameter, providing a filtration area of 75 cm#nare complete description of this unit can be
found on Section 2.2.3.2. The flat sheet PA thim-tomposite membrane NF270 from DOW
Filmtec" was used in this study. This membrane is a lodsenmbrane with relatively low
salt rejection. Initially this membrane was insdrteto the membrane cell and pre-compacted
with distilled water at 10 bar, until permeate flatabilization. All effluent filtration tests

were conducted at 10 bar, feed flow rate of 0.2 nand approximate temperature of 25 °C.

3.2.3 Membrane Characterization

Prior to characterization, the virgin NF270 memierdreferred to as “V-NF270” from now
on, with V for “virgin”) was immersed in a citriccad solution at pH 2.5 and then in a NaOH
solution at 0.1%, both in an ultrasonic bath forr2d each. Then, all membranes (from the
experiments and virgin) were cleaned with deioniZBd) water and dried at ambient
temperature (approximately 25 °C). The morpholdgacal chemical characterizations of the
NF membranes of interest were carried out by tHeviing analysis: scanning electron
microscopy (SEM) with energy dispersive X-ray (EDXpectroscopy, atomic force
microscopy (AFM), water contact angle, and atteedigbtal reflectance Fourier transform

infrared (ATR/FTIR) spectroscopy.
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3.2.3.1 SEM/EDX Spectroscopy
Images of the membrane surface were obtained by &B#§the content of the surface

elements was analyzed by EDX spectroscopy. Pridhéee analyses, the membranes were
coated with a 5-nm carbon layer by a sputter cgatirachine (Leica EM SCD 500 with a
pressure of 16-10° mbar and current of 2.5 A). SEM/EDX experimentsaveonducted
with an FEI Quanta 200 scanning electron microséopenembrane ageing and with a JEOL

JSM-6360LV scanning electron microscope for scagingluation.

3.2.3.2 AEM Spectroscopy
AFM can be used to determine the roughness of tbebrane surface. AFM experiments

were conducted with an MFP-3D-SA microscope (Asyl&asearch) equipped with an
AC160TS probe. The scan rate was 1.00 Hz, 256 paimdl lines were taken, and €65um

area was analyzed. At least three images werengatdor each membrane.

3.2.3.3 Water Contact Angle Measurement

Water contact angle measurement was used to eeghaassible changes in the membrane
hydrophobicity. The water contact angle was deteechiwith a Digidrop-DI goniometer
(GBX Instruments) equipped with a CCD camera andaomated liquid dispenser, using
the standard sessile drop method. At room tempexadulL of DI water droplets were placed
on the membrane surface, and then the contact awgke measured. For average

determination, five droplets were applied to ea@mirane.

3.2.3.4 ATR/FTIR Spectroscopy
ATR/FTIR spectroscopy was conducted to evaluatengbs in the chemical bonds of the

membrane surface. ATR/FTIR spectroscopy was cawigdin Shimadzu FTIR (model IR
Prestige-21) with a Dura SamplIR lidetector (Smiths). The spectrum was obtained én th
range of 400-4000 crhat 2 cm® resolution. The results were converted from trattance
mode (T) to absorbance mode (A) by means of EQUATTRD.

A = —log(T) (Eq. 20)

3.2.4 Scaling Evaluation during AMD Treatment

The main foulants of the NF270 membrane during Atvatment were analyzed after 7 h of

operation. AMD from the second collection was udadially, two virgin membranes, after
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the cleaning procedure with citric acid and NaOHravplaced in a duplicate NF unit; this
unit had two identical membrane cells. The AMD ItagpH adjusted to 5.5 with NaOH 5.0 N
and was pretreated with UF. Then, 2 L of this mpated AMD were placed in the unit supply
tank and NF was carried out simultaneously in bo#mbrane cell units as described in
Section 3.2.2. The permeate was collected for aimlywhereas the retentate was
continuously returned to the supply tank. Everyetithe volume on the supply tank dropped
below 800 mL, 500 mL of pretreated AMD was addetht®supply tank; this procedure was
repeated 15 times, providing 7 h of continuous af@i. The membrane from the first
membrane cell was cleaned with distilled water, ailtibe referred to as “F-NF270” from
now on, with F for “fouled”. The cleaning procedwréh distilled water consisted of 30 min
of water recirculation at 0 bar, feed flow ratedof4 ni/h, and approximate temperature of 25
°C, this cleaning procedure will be referred tohgslrodynamic cleaning. The membrane
from the second membrane cell was first hydrodyoalyi cleaned, then it was cleaned with
an acidic cleaning solution (0.5% w/w HCI) for 1.5 bar, feed flow rate of 0.14#m, and
approximate temperature of 25 °C, and then it wadrddynamically cleaned again. This
membrane will be referred to as “FAC-NF270” fromwnon, with FAC for “fouled after
cleaning”. These membranes were characterized B/EBBX, AFM, water contact angle,
and ATR/FTIR analysis.

Half of the F-NF270 membrane and a piece of theR2RD membrane were immersed in an
ultrasonic bath for 24 h in an aqua regia solut{piCl and HNQ at 3:1 v/v) for acid

digestion. The aim was to dissolve, remove, andadtarize most of the inorganic foulants
from the membrane surface. The concentrations afyanic cations were analyzed with an

ICP optical emission spectrometer (Varian 720-Eth @iCCD detector axial view).

3.2.5 Chemical Cleaning Optimization

Initially, the NF270 membranes were cleaned withicciacid solution at pH 2.5 and then
NaOH solution at 0.1%. Then, these membranes weested on the membrane cell and pre-
compacted with distilled water at 10 bar. As smvaltiations in temperature can alter water
permeability, flux normalization to 25 °Q,( was accomplished by means of a correction
factor associated with water viscosity. The inittr@mbrane water permeabilitsf;(;;4;) Was
obtained from the slope of normalized permeate ffixpure water Jiy) versus applied
pressure4P) at 10.0, 8.0, 6.0, and 4.0 bar as shown in EQUNR1.
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Jn - u(T) (Eg. 21)
Kmitiat = 75 550
AP - u(25°C)
whereu(T) is water viscosity at the process temperature, @ °C) is water viscosity at
25 °C.

AMD treatment was then carried out. Initially, teiluent pH was adjusted to 5.5 with NaOH
5.0 N and pretreated with UF. Then, NF was caroeidwith the NF270 membrane for 4 h at
10 bar, feed flow rate of 0.14%h, and approximate temperature of 25 °C. The pateneas
collected and the retentate returned to the feekl tBhe fouled membrane water permeability
(Kroutea) Was obtained after AMD NF from the slope of tleemalized permeate flux of pure
water versus applied pressure at 10.0, 8.0, 6d4dnbar. Finally, the fouled membrane was
cleaned, and the membrane water permeability #feecleaning procedur&{s ., cicaning)
was obtained from the slope of normalized permdiate of distilled water by applied
pressure at 10.0, 8.0, 6.0, and 4.0 bar.

The membrane cleaning efficienay) (vas calculated from the obtained water permeadsli
as shown in EQUATION 22 (Sohradtial., 2011):

K, ing — K, Eq. 22
After Cleaning Fouled 100% ( q )

n(%) =
Klnitial - KFouled

3.2.5.1 Cleaning Agent Investigation

The cleaning efficiency of seven chemical clearaggnts to remove the AMD fouling layer
was assessed. AMD from the first collection wasduskhe cleaning agents tested were
anhydrous citric acid (2% w/w, pH=2.1), hydrochtomcid (HCI) (0.2% wi/w, pH=1.3),
phosphoric acid (kPO (0.5% w/w, pH=1.8), sulfuric acid @30, (0.1% w/w, pH=1.8),
nitric acid (HNQ) (0.2% wi/w, pH=1.5), sodium hydroxide (NaOH) (0.48%w, pH=13.0),
and disodium ethylene diamine tetraacetate-®RTA) (1% w/w). The cleaning procedure
consisted of static cleaning for 1 h followed bgasling solution recirculation for 30 min at a

pressure of 1.5 bar, feed flow rate of 0.1%hmand approximate temperature of 25 °C.

An estimation of the chemical cleaning cost percpdure was conducted. Considering the
effluent volumetric flow of 15 rth, a recovery rate equal to 90% for UF (effluent
pretreatment) and 60% for NF, and the average paem#ux of 25 L/h.m? for NF; the

required membrane area for NF was 32439 on 9 modules of NF with active surface are
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equal to 37 rh The volume of cleaning solution required for @arling procedure was equal
to the membrane module volume (0.0% multiplied by the number of modules required for
the AMD treatment, plus the estimated volume of feed and return pipes. Cleaning agent
prices were based on an estimate provided by a ketigmical suppliér HCI (37%), HPQ,
(85%), SO, (98%), and HN® (70%) prices were provided per 200 L of solutinthereas
anhydrous citric acid, NaOH, and NBDTA prices were provided per 45 kg of chemical
agent.

3.2.5.2 Cleaning Agent Concentration

Cleaning agent concentrations directly influenee dleaning efficiency, thereby affecting the
cleaning procedure duration. The cleaning effidemn®f HCI| at concentrations of 0.05%,
0.10%, 0.20%, 0.50%, and 1.00% were tested forabs 30-min cleaning periods. AMD

from the second collection was used. The NF270 manabexposure to HCI was calculated

for each solution concentration.

3.2.6 Membrane Ageing

Membrane ageing was evaluated in terms of separakiaracteristics and morphological and
chemical characteristics of the membrane. The nedseparation characteristics were water
permeability, magnesium sulfate (MggdOrejection, and glucose rejection. Water
permeability was obtained from the linearization tbé ratio of temperature-normalized
permeate flux of pure watey,() by applied pressuredP) at 10.0, 8.0, 6.0, and 4.0 bar.
MgSQO, rejection was measured at 15% recovery rate, Sapglied pressure, and room
temperature (25 °C). A MgSGsolution of 2,000 ppm was fed to the NF systeme Th
observed MgS@rejection was obtained indirectly from conduciviheasurements of the
feed solution and accumulated permeate (Hanna ctimidy meter HI 9835). Lastly, glucose
rejection was measured at 10% recovery rate, l@jared pressure, and 25 °C. The glucose
feed solution had an approximate concentrationO6f fig/L. The observed glucose rejection
was obtained indirectly from carbohydrate concdiutnaof the feed solution and accumulated
permeate. Carbohydrate analysis was conductedebgdlorimetric method of Dubois et al.
(Dubois et al., 1956). Analyses of morphological and chemical rabgristics involved
consisted of SEM/EDX, AFM, water contact angle, ZIR/FTIR. Each of these tests was

3 Value available at: fttps://www.spectrumchemical.com Accessed on: 13 October 2015.
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carried out with a piece of the V-NF270 membrang &ith the NF270 membrane at the end

of each experiment.

The first test evaluated NF270 membrane ageingbg-term exposure to AMD retentate. A
virgin NF270 membrane was immersed in the AMD ritenobtained at 60% water recovery
rate (i.e., the feed solution was concentrated agpmately 2.5 times). The AMD retentate
solution was changed every 30 days to maintaintisolcharacteristics. Before immersion in
the new retentate solution, the membrane was placéte bench-scale NF unit, and water
permeability, MgS@ rejection, and glucose rejection were measureds phocess was
continued for 270 days. Membrane samples were atetle for surface evaluation by
SEM/EDX (90 d), AFM (270 d), water contact anglé@al), and ATR/FTIR (240 d).

The second test aimed to evaluate the membranegtiet would happen during real AMD
treatment. Thus, the long-term exposure to the AMi2ntate was combined with periodic
exposure to a HCI solution to simulate the periadiemical cleaning procedure. The virgin
NF270 membrane was immersed in the AMD retenta®o6 Every 30 days, before
changing the AMD retentate solution, the membraas wnmersed for 1 day in 1.0% HCI
solution. Then, water permeability, Mg$@ejection, and glucose rejection were measured
before the membrane was placed in a new AMD retensalution. This process was
continued for 270 days. Membranes samples wereeatetl for surface evaluation by
SEM/EDX (90 d), AFM (270 d), water contact angl@@2al), and ATR/FTIR (240 d).

3.3 Results and Discussion

3.3.1 Scaling Evaluation during AMD Treatment

The NF270 membrane fouling layer was evaluatednduri h of operation with ultrafiltrated
AMD at pH 5.5. This condition was previously detared as the most promising for gold
AMD treatment (Chapter 2). FIGURE 3.1 shows themmsate flux decay with filtration time
for each filtration cell. The flux decay is a rasof membrane fouling and the increase of the
retentate osmotic pressure. After 7 h of treatmidrat,permeate flux had decreased 65% for

the first membrane cell and 60% for the second nmangbcell.
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FIGURE 3.1 — Permeate flux decay during AMD treatme nt
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TABLE 3.2 shows the main inorganic cations conarmins of the solution of V-NF270
membrane and F-NF270 membrane after acid digestitbtnaqua regia. As can be seen from
TABLE 3.2, the F-NF270 membrane had a higher comaton of every cation per mass of
membrane than the V-NF270 membrane. The adsorlmedaind the fouling layer of the F-
NF270 membrane were removed during acid digesBome observed cations were expected
to be adsorbed ions, such as arsenic, lead, chnonaind nickel, since these cations had very
low concentration in the raw AMD but relatively higoncentration in the F-NF270 solution.
On the other hand, cations such as aluminum, calditon, magnesium, and manganese can
form precipitates and oxides and, therefore, weqgeeted to be the main foulants at the

membrane surface.
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TABLE 3.2 — Cations concentrations of the solutions of the acid digestion of the V-
NF270 and F-NF270, and of the raw AMD

Cations

(mg/g of membrane) AMD (mg/L) V-NF270 F-NF270
Aluminum 13.646 0.063 0.344
Arsenic 0.181 0.026 0.598
Calcium 366.62 0.57 1.19
Lead 0.1862 0.0030 0.0507
Cobalt 0.2441 0.0056 0.0098
Copper 0.1618 0.0327 0.0823
Chromium <0.010 0.009 0.428
Iron 2.98 0.57 3.39
Magnesium 298.650 0.025 0.136
Manganese 18.636 0.015 0.040
Nickel 0.7673 0.0029 0.2088
Potassium 10.65 0.14 2.99
Sodium 10.65 1.10 1.01
Zinc 3.581 0.029 0.106

FIGURE 3.2 shows the SEM images of the F-NF270 (R 3.2(a)] and FAC-NF270
[FIGURE 3.2(b)] membranes at two magnificationse Mt NF270 membrane usually has a
flat and homogeneous surface, without the preseheesible corrugations at the membrane
surface. The image of the F-NF270 membrane, howelaws many irregularities. These
irregularities are a result of the fouling layer pfecipitates formed during the AMD
treatment. EDX analyses of the precipitates fouhdwa different points are shown in
FIGURE 3.3. These images confirmed the presencenafly cation foulants that were
observed during the ICP analyses. However, the EBlcts a specific area or point for
analysis, whereas the ICP gives a broader picttidneo cations present at the membrane
surface. The FAC-NF270 membrane, on the other hamad, more regular with just a few

small irregularities.
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FIGURE 3.2 — SEM images of the membranes: a) F-NF27 0; b) FAC-NF270, at x10,000
and x5,000 magnifications
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FIGURE 3.3 — EDX of the precipitates found at two d ifferent points of the F-NF270
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The membrane surface roughness of the V-NF270, E/BFand FAC-NF270 membranes
was obtained for ax® um area. TABLE 3.3 shows the root mean square (RiM&)hness
results. The measured surface roughness of the 220lmembrane was 5.18 + 0.71. Higal

al. (2005) also measured the NF270 surface roughnes£42 um area and reported a value
of 4.3797 nm. The influence of the AFM probe (@) tand scan area on surface roughness
measurements were evaluated by Sedin and Rowledil)20hey observed that surface
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roughness increased as scan area increased. Mprédowencrease trend depended on the

type of probe used, thus explaining the higheragm@rfoughness observed in this experiment.

TABLE 3.3 — NF270 membrane surface roughness and wa  ter contact angle
Membrane RMS Roughness (nm)  Water Contact Angle (°)

V-NF270 5.184+0.71 28.1+1.8
F-NF270 5.22+0.78 61.4+1.2
FAC-NF270 4.62+0.49 36.7+£1.9

The NF270 RMS roughness increased after fouling &i¥D, and decreased after cleaning
with a 0.5% w/w HCI solution. FIGURE 3.4 shows #ieéM 3D images of the membranes V-
NF270, F-NF270, and FAC-NF270. When these imagesampared qualitatively, it can be
seen that the V-NF270 membrane peaks are moreyedetitibuted than the F-NF270 and
the FAC-NF270 membrane peaks. The F-NF270 memisarface is relatively less rough
than the V-NF270 membrane; however, the former freguent periodic high peaks that
increased the RMS roughness. These high peaks beuttle crystals of foulants (such as
CaSQ), which preferentially grew on the membrane swfaad on other crystals. Finally,
the FAC-NF270 membrane seemed to have a relatnaelgher surface than the F-NF270
membrane, but a lower concentration of higher peaksch decreased the RMS roughness.
However, when comparing the concentration and hexfjlthe V-NF270 membrane peaks
with those from the FAC-NF270 membrane, it is emiddat the FAC-NF270 membrane had
not returned to its original condition. Thus, theaning procedure removed the fouling layer
to some extent, especially the high peaks’ foulahtdg it did not recover the membrane
completely. The remaining fouling layer observedtlom FAC-NF270 membrane is expected
to be mostly irreversible fouling, because everhwat 1-h cleaning procedure it was not
removed. This result shows the importance of theropation of the cleaning procedure, both
in relation to the cleaning agent and to the sotutioncentration, for minimizing the residual

fouling layer and the cleaning procedure time.
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FIGURE 3.4 — AFM images of: a) V-NF270, b) F-NF270, and ¢) FAC-NF270 membranes
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TABLE 3.3 also presents the measured water coatagie of the V-NF270, F-NF270, and
FAC-NF270 membranes. The measured water contade astgained for the V-NF270
membrane was 28.1+1.8°, similar to that reportediogt al. (2011) of 28.8+2.4°. The higher
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water contact angle of the F-NF270 membrane ineléc#that it became more hydrophobic
after AMD treatment. The membrane hydrophobicitgrdased after the cleaning procedure
with HCI, as can be seen by the lower water coraagie of the FAC-NF270 membrane.
However, it remained higher than the water congacfie of the V-NF270 membrane. These
observations are consistent with the water perriigalmf these membranes, as more

hydrophilic membranes favor the sorption of watat eaise the water flux (Baker, 2012).

Lastly, the ATR/FTIR results for the V-NF270, F-NFE and FAC-NF270 membranes are
shown in FIGURE 3.5. Wavelength ranged from 4002000 cm-1, as no peaks were
obtained outside of this range. Because the pditgtrdepth of the ATR/FTIR spectra at
wavelengths lower than 2000 cm-1 is higher thanr8@0there will be a superposition of the
chemical information of the selective top layer dne support layer (Tang et al., 2009). The
Dow Filmtec™ membranes are thin-film composite meanbs composed of three different
layers: a polyester support web, a microporous qublgne interlayer, and an ultrathin PA
selective layer. TABLE 3.4 shows the peaks assigogablysulfone. The observed peaks of
the V-NF270 membrane confirm the informed compositof the microporous interlayer.
However, Tang et al. (2009) suggested that the &écsve layer was composed of semi-
aromatic poly(piperazinamide), with specific peak4630 and 1730 cm-1. These two peaks
were not found in this study. As the PA layer cosipon is proprietary information, it will
not be further discussed. Finally, from FIGURE 3i5can be seen that all three tested
membranes had the same main peaks and that nastiddshew peak was observed. This
suggests that gold AMD treatment does not changsiderably the chemical bonds of the
NF270 membrane.

FIGURE 3.5 — ATR/FTIR spectra of the V-NF270, F-NF2 70, and FAC-NF270 membranes
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TABLE 3.4 - Peaks assignable from ATR/FTIR spectra  to polysulfone
Reported Peaks Observed Peaks

1 1 Peak Assignments
(cm) (cm™)
~1587, 1504, and 1578, 1504, and  Aromatic in-plane ring bend stretching
14882 1472 vibration
C—H symmetric deformation vibration of
1385-1365 1369 >C(CH),
1350-12806 1341 Asymmetric SO2 stretching vibration
~12452 1240 C—-O-C asymmetric stretching vibration of
the aryl-O-aryl group
1180-1145 1177 Symmetric SEstretching vibration P
~830° 843 In-phase out-of-plane hydrogen deformation

of para-substituted phenyl groups

% Apud Tang et al. (2009).

3.3.2 Chemical Cleaning Optimization

3.3.2.1 Cleaning Agent Investigation

FIGURE 3.6 shows the membrane water permeabilitprbemembrane foulingKj,;tiq1),

after membrane foulingkg,yieq), after the first cleaning procedurk ecieqning), @nd after
the second cleaning procedurk 4 .q4,in,) fOr @ cleaning procedure with citric acid

followed by NaOH, and for a cleaning procedure wWi&hOH followed by citric acid. The
membrane water permeability decreased 41% forittie acid followed by NaOH procedure
and 44% for the NaOH followed by citric acid proaes] after 4 hours of AMD treatment due
to membrane fouling. The global cleaning efficiewegs 68.7% when citric acid was used
first and 24.8% when NaOH was used first. The nfailants expected on the membrane
surface were inorganic salts. Thus, acid solutivee expected to be more effective cleaning
agents than alkaline solutions. The higher ovetalning efficiency obtained for the cleaning
procedure with citric acid first could be explaineyg the lessening of the structural integrity
of the fouling layer upon the reaction of the meaner foulants with the acid solution
(Sohrabiet al., 2011). The residual foulants on the membraneasarivould then be “loose”
and could be removed by the alkaline cleaning. li@nother hand, when the alkaline solution
was used first, the foulants were strongly attadimethe membrane surface and the alkaline
solution could not remove it. Therefore, an ovel@l cleaning efficiency was obtained. The
cleaning efficiency of the first cleaning steps &&B8.8 and 16.4% for the tests first cleaned
with citric acid and NaOH, respectively. These ealeonfirm the low cleaning efficiency of
the alkaline solution for AMD foulants. Thus, theeuof alkaline solution for AMD foulants

as the first cleaning stage or as the second clgatage did not show synergy.
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FIGURE 3.6 — NF270 membrane water permeability afte r cleaning procedure with citric
acid followed by NaOH and with NaOH followed by cit  ric acid
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FIGURE 3.7 shows the cleaning efficiency of theleated membrane chemical cleaning
agents for a single cleaning step. The decreaizeimembrane water permeability in these
experiments varied from 41% to 48%. This study $sch on acidic cleaning solutions
because these chemicals are more efficient for AdMPected foulants. The higher
efficiencies of the acidic cleaners (citric, hydmtmric, nitric, phosphoric, and sulfuric acids)
in relation to surfactant cleaners (NeDTA) and alkaline cleaners (NaOH) confirmed this
hypothesis. Moreover, Simoet al. (2012) reported a decrease in NF270 membrane
conductivity rejection after membrane cleaning vathalkaline solution (NaOH) at pH 11. A
decrease in conductivity rejection was reportedaimdic solutions (citric acid) only at a pH
as low as 1.5. Among the evaluated acidic cleasoigtions of this study, the sulfuric and
phosphoric acids showed the lowest cleaning effaes (respectively 31.2% and 39.6%).
The increase of sulfate and phosphate concentsatanthe membrane surface may lead to
the formation of salts with low solubility in thegsence of cations such as*€and Md?.
The highest cleaning efficiency (73.5%) was obtaiwgh 0.2% HCI.
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FIGURE 3.7 — NF270 membrane cleaning efficiency for  a single cleaning step.
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Cleaning Agents

The estimated volume of the membrane modules &% &, and of the pipes was 0.1.m
TABLE 3.5 shows the unit price per weight of cleaniagent, the required mass of reagent
per cleaning, and the respective price per cleaihg highest price per cleaning agent mass
was obtained for the surfactant EDTA (US$60.32/kd)ich also showed the lowest cleaning
efficiency (7.9%), followed by the citric acid (U3415/kg). The high concentration of citric
acid used in this study results in a high price meaning for this chemical
(US$187.73/cleaning). Furthermore, the cleaningieficy of citric acid was close to that of
HsPO, and lower than HCI. The lowest prices per clearaiggnt mass were obtained for
H.SO, and HNQ, respectively US$2.19 and US$5.00 per kg of chaemMoreover, most of
the mining industries produce,80, during their activity; therefore, this chemical wd
have an even lower price. However, the low cleamfiigiency of HSO, and the possible
formation of salts with low solubility with sulfatdiscourage its use as a membrane-cleaning
agent. Among the conditions tested (excluding®,), HNO; and HCI showed the lowest
price per cleaning procedure (US$5.00 and US$12d8hectively). Because the cleaning
efficiency of HCI (0.2%) was 32% higher than theHINO; (0.2%), it was chosen as the best
chemical cleaning agent for the NF270 membranes gtild AMD treatment.
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TABLE 3.5 — Estimated price of chemicals per chemic  al cleaning procedure

Price per Weight Weight of Price per
Cleaning Agent of Cleaning Cleaning Agent  Cleaning

Agent (US$/kg) per Cleaning (kg)  (US$)
Citric Acid (2.0%) 24.15 7.77 187.73
Hydrochloric Acid (HCI) (0.2%) 16.26 0.78 12.64
Phosphoric Acid (FPOy) (0.5%) 14.87 1.94 28.89
Sulfuric Acid (HSQy) (0.1%) 5.62 0.39 2.19
Nitric Acid (HNOs3) (0.2%) 6.43 0.78 5.00
Na2-EDTA (1.0%) 60.32 3.89 234.43
Sodium Hydroxide (NaOH) (0.4%) 14.75 1.55 16.88

* Chemical prices based on information shared by one chemical supplier; prices may vary from region to region.

3.3.2.2 Cleaning Agent Concentration

FIGURE 3.8 shows the cleaning efficiencies of tH&2K0 membrane fouled during AMD NF
after chemical cleaning was carried out with 0.08%0%, 0.20%, 0.50%, and 1.00% of HCI
for 15 and 30 min. Higher cleaning-agent conceiatnatled to higher cleaning efficiency for
both cleaning intervals. After 30 min of a cleanimigcedure, the cleaning efficiency with
1.00% w/w HCI solution was 77.4%. Sohrabial. (2011) also observed an increase in the
cleaning efficiency at higher concentrations obaieg agents. However, they warned that for
some cleaning agents increasing the concentrabomeaa critical value might not increase
the cleaning efficiency but rather decrease it.sTéecrease was not observed with HCI
cleaning solution up to a concentration of 1.00%.

FIGURE 3.8 — NF270 membrane cleaning efficiency for  different HCI concentrations at
15 and 30 min of chemical cleaning.
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Membrane ageing induced by cleaning proceduretenaissessed by the accelerated ageing
method, which measures the cleaning agent contientrper time of membrane-cleaning
agent contact. This method considers that ageingechby high solution concentration for a
short time is equal to the ageing caused by lowtsw concentration for a long time period.
However, although very used, a good correlationveen the laboratory accelerated ageing

and the observed natural ageing is not always veddRegulaet al., 2014).

In this study, the cleaning procedure time requicedttain a cleaning efficiency of 90% for
each solution concentration was estimated basedeocleaning efficiencies at 15 and 30 min
for each concentration. The results were usedltulede the membrane exposure to the HCI
required until 90% cleaning efficiency per cleanim@cedure was achieved (TABLE 3.6).
Lower membrane exposure to the cleaning agent waddlt in slower membrane ageing
and, consequently, increased membrane lifetimecafssbe seen from TABLE 3.6, the lowest
membrane exposure to the HCI solution occurred 8t28% w/w concentration. At this

concentration, the estimated cleaning time for 9fléaning efficiency was 1.2 h and the
membrane exposure was 2,427 -mfgh of HCI per cleaning procedure. The cleaning
efficiency of 0.20% HCI was 46.8% in 30 min, whighrelatively low. However, higher

cleaning agent concentration led to much higher brane exposure to HCI. For example, the
membrane exposure to 1.00% HCl was 8,117-Lfhf, 70.1% higher than that at a

concentration of 0.20%.

TABLE 3.6 — Estimated cleaning time and membrane ex posure to HCI for 90% cleaning
efficiency by each solution concentration studied

HCI HCI Cleaning Time  Membrane Exposure until

Concentration Concentration for 90% 90% of Cleaning Efficiency
(Yow/w) (mg/L) Efficiency (min) (mg/L - h of HCI)

0.05 500 425 3,538

0.10 1,000 237 3,945

0.20 2,000 73 2,427

0.50 5,000 51 4,275

1.00 10,000 49 8,117

3.3.3 Membrane Ageing

TABLE 3.7 shows the measured membrane separati@acieristics after long-term
exposure to the AMD retentate, and to the AMD reten plus periodic HCI cleaning

solution. The 1.0% w/w HCI cleaning solution wagdisn this study to increase membrane
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exposure to this acid and, thus, possible diffezenmn membrane ageing. A continuous
decline in water permeability was observed withréasing exposure time, up to an
approximate value of 5.5 L/h?abar of water permeability for both experiments.t&¥a
permeability can decrease due to the adsorptiosohftes onto the membrane surface,
membrane pore blocking, concentration polarizatiand cake formation. Because no
pressure differential was applied in these expeartgjeconcentration polarization and cake
formation could be considered null and pore blogkiminimal. Therefore, the adsorption of
solutes onto the membrane surface was the maiondas the observed decrease in water
permeability. The aim for using the HCI cleaninduson was to remove the sparingly
soluble salts precipitated on the membrane surfabé&h are the main constituents of the
fouling cake layer. Because the cake formation wal in this experiment, the periodic
exposure to HCI was not expected to increase vpatieneability due to membrane cleaning.
Hence, variations in the results from both testsewe result of interactions between the
membrane and the HCI solution. Conversely, deshéelecrease in water permeability over
time, MgSAQ rejection and glucose rejection did not show afstecrease tendency (TABLE
3.7). After 150 days, MgS{rejection decreased only 6% and 7%, respectivelygexposure
to AMD and AMD plus periodic HCI, whereas glucosgection decreased 3% and 4%,
respectively, for exposure to AMD and AMD plus peic HCI. This suggests that the
adsorption of solutes onto the membrane surfacendidstrongly deteriorate the membrane

selectivity, despite the decrease in water pernligabi

TABLE 3.7 — NF270 separation characteristics with m  embrane exposure time

Water Permeability MgSO, Rejection Glucose Rejection
Exﬁ?nsé”e (L/h- m2-bar) (%) (%)

AMD AMD +HCI | AMD AMD +HCI | AMD AMD + HCI
Initial 10.5 9.3 92.8 92.1 92.8 93.5
30d 10.1 8.8 93.0 93.5 934 93.0
60 d 9.5 6.9 92.5 92.5 93.3 93.0
90 d 7.3 6.0 92.7 92.8 93.5 93.0
120d 7.0 5.8 92.2 96.6 89.6 90.0
150 d 6.7 6.5 86.8 86.5 89.6 89.3
180 d 5.2 5.6 89.2 91.4 89.6 89.2
210d 5.6 5.5 87.7 83.8 89.0 88.5
240d 5.2 55 86.5 78.4 88.9 88.4
270d 5.4 5.1 85.7 84.7 88.7 88.3

FIGURE 3.9 shows the SEM images obtained for: &yR270, b) NF270 exposed to AMD
(for 90 d), and c) NF270 exposed to AMD plus pedoHCl (for 90 d), each at two
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magnifications. The membrane surface of the V-NF@&3 very homogeneous with few
irregularities. These irregularities became evess Msible after the membrane was exposed
to AMD retentate and AMD retentate plus periodiclld@Qlution.

FIGURE 3.9 — SEM images of: a) V-NF270; b) exposed to AMD (for 90 d); and c)
exposed to AMD with periodic HCI (for 90 d), at x10 ,000 and x5,000 magnifications
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TABLE 3.8 shows the RMS roughness of the NF270 nramds exposed to AMD retentate
and AMD retentate plus periodic HCI solution. Comgghto the surface roughness of the V-
NF270 membrane (5.18+0.71 nm), the surface roughumakies of both the AMD-exposed
membranes were higher. FIGURE 3.10 shows the AFMn3ges of the NF270 membranes
exposed to AMD retentate [FIGURE 3.10(a)] and AMidentate plus periodic HCI solution
[FIGURE 3.10(b)]. A qualitative analysis of thesmaiges suggests that the membrane
exposed only to AMD had a surface similar to th&iF270 membrane [FIGURE 3.4(a)] but
with higher peaks, which led to the higher RMS tuuggss value. This is consistent with the
assumption that concentration polarization and d¢akeation were minimal during exposure
without pressure. On the other hand, the membrapesed to AMD and periodic HCI
solution had a flatter surface with occasional dealfeys. This suggests the formation of an
uneven fouling layer over the membrane surfacechvicbuld decrease the rejection of the

membrane solutes and the water permeability.

TABLE 3.8 — Membrane surface roughness and water co  ntact angle of the exposed
NF270 membranes

Membrane RMS Roughness (hm) Water Contact Angle (°)
Exposed to AMD (270 d) 7.39+0.45 32.5+£3.7
Exposed to AMD + periodic HCI (270 d) 6.78+0.81 BEB.7

The water contact angles of the membranes expas@d/D retentate and AMD retentate
plus periodic HCI solution are also shown in TABLES. As seen with the F-NF270
membrane (TABLE 3.3), the water contact angle ef HF270 membrane after exposure to
AMD and AMD plus periodic HCI was higher than theNF270 membrane. These higher
values corroborate the observed decrease in therwagrmeability of the exposed
membranes. Moreover, the water contact angle ofnteenbrane exposed to AMD plus
periodic HCI was higher than that of the membraxmsed only to AMD. This opposed what
was observed in SECTION 3.3.1. After membrane fauliluring AMD treatment, the HCI
solution increased the membrane hydrophilicity tughe removal of the cake-fouling layer,
which is nonexistent in this experiment. Finallye twater contact angle of the FAC-NF270
membrane (TABLE 3.3) was close to that of the NF&¥mbrane exposed to AMD with
periodic HCI. This could explain why the membrané kot return to its original state after
the cleaning procedure.
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FIGURE 3.10 — AFM images of the exposed NF270 membr ane: a) to AMD (270 d); and
b) to AMD + periodic HCI (270 d)
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ATR/FTIR results for the V-NF270 membrane, the N&2kposed to AMD (for 240 d), and
the NF270 exposed to AMD with periodic HCI (for 240 are shown in FIGURE 3.11.
Again, wavelength was from 400 to 2000 ¢mas no peaks were observed outside of this
range. Similarly to the spectra of the F-NF270 BAC-NF270, the spectra of the membranes
exposed to AMD and AMD with periodic HCI had thereamain peaks as the V-NF270
membrane. Very weak peaks were found on the merabexposed only to AMD at
wavelengths of 1558, 1487, and 988 tniThis confirmed the stability of the NF270
membrane to AMD retentate and AMD retentate plusode HCI cleaning solution.
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FIGURE 3.11 — ATR/FTIR spectra of NF270 membranes: V-NF270, exposed to AMD (for
240 d), and exposed to AMD plus periodic HCI (for2 40 d)
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3.4 Conclusions

The main composition of the AMD are dissolved irarig compounds which results mainly
in inorganic fouling. The main cations found on tmembrane surface were aluminum,
arsenic, calcium, chromium, nickel, potassium, asmtium. Membrane fouling was
responsible for a decrease in water permeabilitp®@¥ and could be partially removed by
chemical cleaning. The aim of chemical cleaningmiziation (in relation to cleaning agent
type and solution concentration) was to minimizsideal fouling and decrease cleaning
procedure time. The cleaning tests showed thaicasmiutions are more efficient cleaning
solutions for AMD foulants than alkaline or surfact solutions. Among the acidic solutions,
the best cleaning efficiency (73.5%) was obtainétt WCI| 0.2% w/w and the estimated cost
per cleaning procedure with HCIl was economicalgble. Next, different HCI concentrations
were evaluated. The lowest membrane exposure @ctuwat 0.20% w/w concentration
(efficiency of 46.8% after 30 min cleaning). Memheaageing by AMD retentate and AMD
retentate with periodic HCI solution decreased ME270 water permeability; however,
MgSQO, and glucose rejection were still high after 276f @xposure. ATR/FTIR spectra of all
the tested membranes assessed in this study weraiwglar, with strong peaks at the same
wavelengths. This suggests that the bonds of tamidals on the membrane surface were not

altered by any of the treatments tested.
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4 CHAPTER

SUMMARY OF EXPERIMENTAL PROGRESS
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In this study, acid mine drainage (AMD) treatmepntntembrane separation processes (MSP)

was investigated.

In Chapter 2, the influence of operational paramsetenamely, effluent pretreatment,
nanofiltration (NF) and reverse osmosis (RO) conumaémembranes, effluent pH, and water
recovery rate was evaluated. Since effluent pretreat improved the final permeate quality
and due to the highly variable characteristicshig effluent, microfiltration (MF) or better
was deemed appropriate prior to NF/RO treatmentodgnthe NF and RO commercial
membranes tested, NF showed higher potential foDAMatment. The best NF membranes
tested were the NF90 (highest retention efficieneyd the NF270 (highest permeate flux).
The feed effluent pH effects the effluent permdhte, the membrane-fouling tendency, the
solutes retention efficiency. The best operatiamaidition was obtained at pH 5.5 with the
NF270 membrane. It had the lowest fouling tendemayhest permeate flux by water flux
(85.3%), and high sulfate retention efficiency (86). The maximum water recovery rate
(RR) at this condition was 60%. Above this valuesharper decrease in retention efficiency

and permeate flux were observed.

Therefore, as a result of this work, it was foulnat the best treatment route for gold AMD by
MSP is: adjust the feed pH to 5.5; pretreat witkenofiltration or ultrafiltration; treat with the
nanofiltration membrane NF270 until a water recgvate of 60%. The capital cost estimated
for the treatment of 15 fh of AMD by a UF-NF system was US$ 131,250.00, #mel
estimated total operational cost was 0.257 US$heffluent. The retentate generated during
AMD treatment is more concentrated in dissolveddsathan the original effluent. Therefore,
sulfate precipitation as Ca%@r calcium precipitation as Ca@@ould be more efficient.
Moreover, after precipitation, a second stage obfiliration could be carried out to increase

water recovery.

In Chapter 3, the inorganic fouling formed duriniylB treatment was analyzed and the main
cations found on the membrane surface were alumirausenic, calcium, chrome, nickel,
potassium and sodium. These foulants could begligrtemoved by chemical cleaning and
its optimization aimed to minimize residual fouliagd decrease cleaning procedure time.
The best cleaning solution evaluated to removeAN® foulants was hydrochloric acid
(cleaning efficiency of 73.5% at 0.20% w/w) and éstimate cost per cleaning procedure

made it economically viable. Moreover, the lowesnmbrane exposure to acid occurred at
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0.20% w/w concentration which was then considehedbiest cleaning condition. Membrane
ageing by AMD retentate, and AMD retentate plusqukcal HCI cleaning solution decreased
the NF270 water permeability; however, MgSé&hd glucose rejection were still high after
270 days of exposure. ATR/FTIR spectra of the mamds assessed in this work were very
similar, which suggests that the chemicals bondhhemembrane surface were not altered by

either treatment or exposure to AMD and HCI.
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The following studies are suggested for future aes®

 The evaluation of calcium and/or sulfate preciptatfrom the AMD retentate.
Depending on these pollutants removal efficienbg, precipitation step could be an

intermediate process, allowing a second stageraffilaation;

* The increase of maximum water recovery with a sé&iage of nanofiltration (after

an intermediate precipitation step) and the resgeaicrease in treatment cost;

* The influence of solution temperature in AMD naitadition in terms of permeate flux

and retention efficiency;

 The influence of solution temperature in chemicldaning procedure, cleaning

efficiency and membrane ageing;

* In a pilot scale unit, investigate the influenceottier operational parameters in AMD
nanofiltration. The main parameters to be investidaare crossflow velocity and

transmembrane pressure;

» Evaluate the continuous operation of the optimizedtment in a pilot scale unit.
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