
ww.sciencedirect.com

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 1 ; 1 1 : 6 9 3e7 0 9
Available online at w
journal homepage: www.elsevier .com/locate/ jmrt
Original Article
Changing the conventional clarification method in
metal sulfide precipitation by a membrane-based
filtration process
Humberto Estay a,*, Ren�e Ruby-Figueroa b, Minghai Gim-Krumm a,
Gabriel Seriche a, Michelle Quilaqueo a, Sim�on Dı́az-Quezada a,
Ignacio Cort�es a,c, Lorena Barros a

a Advanced Mining Technology Center (AMTC), University of Chile, Av. Tupper 2007 (AMTC Building), Santiago,

Chile
b Programa Institutional de Fomento a La Investigaci�on, Desarrollo e Innovaci�on (PIDi), Universidad Tecnol�ogica

Metropolitana, Santiago, Chile
c Department of Chemistry, Universidad Tecnol�ogica Metropolitana, Las Palmeras 3360, ~Nu~noa, Santiago, Chile
a r t i c l e i n f o

Article history:

Received 26 October 2020

Accepted 10 January 2021

Available online 20 January 2021

Keywords:

Metal sulfide precipitation

Membrane filtration

Microfiltration

Copper and cyanide recovery

SART process
* Corresponding author.
E-mail address: humberto.estay@amtc.cl

https://doi.org/10.1016/j.jmrt.2021.01.034
2238-7854/© 2021 The Authors. Published
creativecommons.org/licenses/by-nc-nd/4.0/
a b s t r a c t

The metal sulfide precipitation process is a widely studied technology used to recover

metals or remove pollutants from different aqueous sources. However, the conventional

clarification stage used to separate the generated precipitates cannot effectively remove

them from recovered solutions. Taking this into account, the current study focuses on

developing a new separation method applied in metal sulfide precipitates, based on a

membrane filtration process. Different operating conditions and metal concentration in

the feed solution were evaluated for the separation of copper sulfide precipitates formed

from synthetic cyanide solutions in ceramic microfiltration membranes. Results showed

attractive values of flux and copper recovery. Flux results ranged between 0.9 L/m2s and 1.2

L/m2s for copper concentrations above 500 mg/L, and copper recoveries resulted closer to

100% at the determined optimal operating conditions (4.5 pH, 120% NaHS stoichiometric

dosage, and 2 bar feed pressure). These flux values decreased up to one order of magnitude

for diluted copper concentrations, due to a change of aggregation capacity of precipitates.

This study has demonstrated that the membrane filtration process can be a suitable

alternative for the conventional gravitational clarification, promoting better performance

results in terms of equipment capacity, metal recovery, and process safety.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

1.1. Metal sulfide precipitation

Both academia and industry have shown interest in the metal

sulfide precipitation method, due to its ability to selectively

separate dissolved metals from aqueous solutions, and

simultaneously generate a product with a high concentration

of the element recovered [1]. These features have been used to

study the recovery of critical metals such as copper, cobalt,

nickel, molybdenum, rhenium, zinc, palladium, and iron from

different wastewaters and plant solution sources [2e18] or

pollutants removal from different wastewaters, such as

arsenic, antimony, and heavy metals [19e30]. The metal sul-

fide precipitation uses different types of sulfide sources (H2S,

NaHS, Na2S, CaS, among others) to promote precipitation, as

shown in the following general equation [1].

M2þ þHS�%MSðsÞ þ Hþ

M2þ þ S2�%MSðsÞ (1)

The low solubility of different metal sulfides facilities the

separation process with high selectivity compared to other

precipitates such as hydroxides or phosphates. Table 1 shows

the solubility products of selected metals in the form of sul-

fide, hydroxide, or phosphate [31]. According to this data,

metal sulfide species are highly insoluble, particularly in the

case of silver, bismuth, copper, and mercury. In all cases,

metal sulfide compounds are less soluble than metal hy-

droxides species. This is, in fact, the main advantage for

environmental applications, particularly in terms of chemical

stability, limiting its leaching or re-dissolution in waste de-

posits. In addition, the relative weight of the metal in the

sulfide species is higher than hydroxides, because the mo-

lecularweight and oxidation number allow to reduce themass

of precipitates generated, reducing the costs of handling,

transport, and disposal.

One of the main relevant applications is the selective

removal of heavy metals from acid mine drainage (AMD)

[6,22,26]. There is a considerable amount of research focused

on the removal of metals from different wastewaters, such as
Table 1 e Solubility products (logKsp) at 25 �C of selected
elements. Adapted from [31].

Element Sulfide Hydroxide Phosphate

Agþ �49.2 �7.9 �16.0

Bi3þ �98.8 �31.0 �23.0

Cd2þ �28.9 �14.3 �32.6

Co2þ �22.1 �14.5 �34.7

Cuþ �47.7 e e

Cu2þ �35.9 �19.8 �36.9

Fe2þ �18.8 �16.3 e

Hg2þ �52.2 �25.4 e

Mn2þ �13.3 �12.7 e

Ni2þ �21.0 �15.3 �31.3

Pb2þ �28.1 �19.9 �42.0

Sn2þ �27.5 �26.3 e

Zn2þ �24.5 �16.1 �32.0
acidic effluents from non-ferrous smelting processes

[21,24,27,28] or electroplating industry [29,32]. Moreover,

metal sulfide precipitation has been recently applied to

recover critical metals from leach solutions generated in the

treatment of different types of wastes. In particular, there is

recovery of Co and Mo from wastes produced in the

manufacturing of catalysts [3], recovery of Co from battery

leachates [4], Re from smelting effluents [5], Mo, Ni and Co

from the leachate of a mineral sludge [8], Ni, Co and Cu from

leach liquor of Li ion battery recycling [11], Zn from leach so-

lution of the treatment of fluorescent powder cathode tube

[16], Mo, Ni and Co from a spent refinery catalyst leach liquor

[17], Ni, Zn and Cu fromplating process industrial raw effluent

[25], Zn and Fe from the bioleaching treatment ofmine tailings

[12], and Cu, Fe, Zn and Mn from leach solutions of mine

tailings using a fractional precipitationmethod [14]. Themetal

sulfide precipitation method is thus attracting great interest

as a promising alternative method to move forward into the

implementation of the circular economy concept due to its

capacity to recover critical metals from waste processing.

Metal sulfide precipitation has been studied for its appli-

cation as the primary treatment of pregnant leach solutions

(PLS) in hydrometallurgical processes. This is the case of the

application for recovering metals from the copper leaching

PLS [2], Pd and Fe from acid solutions [7], Cu from glycinate-

cyanide solutions [9], Cu from glycinate solutions [10], Cu,

Mo and Zn from chloride solutions [13], Fe, Ni and Cu from

bioleaching solution [15], or Cu and Zn from cyanide solutions

in gold mining [33,34].

Accordingly, the use of alternative sources of sulfide has

also been investigated, using oil fly ash [35], sulfur dioxide and

sulfur [36], monocyclic pyrrhotite [37], and thioacetamide

[38,39]. Similarly, the use of residual H2S generated from a

biological sulfate-reduction treatment to recover metals has

been widely studied, particularly for the application in the

AMD remediation [40e53].

A successful example of the application of themetal sulfide

precipitationmethod at industrial scale has been the effective

removal e and recovery e of copper with the regeneration of

cyanide in gold mining. This process is known as SART (Sul-

fidization, Acidification, Recycling and Thickening), which has

been installed in several cyanidation plants worldwide

[33,54e58]. This process aims to remove copper from cyanide

solutions, generating a saleable product, and also recovering

cyanide (critical reagent to dissolve gold), which can be recy-

cled to the leaching plant. Cyanide soluble copper minerals

available in gold ores can increase the cyanide consumption

from 0.2 to 0.5 kg NaCN/ton to over 2.0 kg NaCN/ton, causing a

gold project to become infeasible, due to the rise of opera-

tional costs [54,59]. In cyanide media, the copper stable spe-

cies is Cuþ, thereby the reaction defined in equation (1), in

terms of copper precipitation from copperecyanide complex,

can be rewritten as follows [54].

2CuðCNÞ2�3 þ6Hþ þS2�%Cu2SðsÞ þ 6HCNðaqÞ (2)

The effectiveness of the SART process, which reaches

copper and cyanide recoveries of over 85%, has made feasible

gold mine projects with a high content of cyanide soluble

copper minerals in the ore [33].

https://doi.org/10.1016/j.jmrt.2021.01.034
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1.2. Conventional clarification of metal sulfide
precipitates

The suspension formed by the precipitation reaction

described in Eq. (1) must be clarified by a solideliquid sepa-

ration process, in order to generate (i) a treated solution with

low solids contents, and (ii) a concentrated slurry or cake as

the final metal product for further processing or disposal. The

quality of the treated solution and, therefore, the efficiency of

the separation step, is crucial to minimize the metal losses as

well as the environmental point of view because the effluent

must satisfy regulations and population health. Conventional

solideliquid separation is performed by gravitational clarifiers

(thickeners) or filters [54,60]. However, another alternative,

using lamella clarifiers, has been proposed to overcome the

complexity of metal sulfide precipitates [19]. The above has

driven several studies which were focused on understanding

these precipitates with different characteristics, in order to

predict or improve the solideliquid separation performance

[61e69]. The findings of these different studies have demon-

strated the high variability of the separation performance,

depending on the solution chemistry [61], the supersaturation

control [62], operational conditions [63], and the interaction of

each metal sulfide with water [67,68]. On the one hand, these

precipitates can be strongly affected by the solution charac-

teristics, particularly in particles with colloidal behavior

[61e63,67]. On the other hand, there are metal sulfides, such

as copper sulfides, which present a high aggregation capacity,

increasing the particle size in these systems, and thereby

improving its settling results [65,67,70]. In particular, copper

precipitates have shown bi-modal behavior in a non-invasive

optical microscopy and image processing and analysis,

despite their high aggregation capacity [70]. These findings

indicate that fine and colloidal particles remain in the sus-

pension, promoting poor quality of clarified solutions (high

solids content) in the conventional solideliquid separation

processes.

In order to address the above drawbacks, some studies

have tried to modify certain characteristics of the suspension

process to improve the settling performance. For example, the

inclusion of additional metal ions [64], the inclusion of pre-

cipitates seeds to support a better nucleation [71], the effect of

external ions in particle size and settling characteristics, such

as calcium or magnesium [69], and the use of UV light irradi-

ation during the precipitation reaction [72] have been explored

for different metals and systems.

At an industrial scale, the SART process is an interesting

application of metal sulfide precipitation and solideliquid

separation. This technology uses conventional gravitational

clarifiers to separate the suspension formed in the precipita-

tion reactor, and it also includes a recirculation of a part of the

underflow into the reactor in order to theoretically increase

the particle size of precipitates [33]. In the SART process, the

clarification step has been declared the main challenge to be

overcome when widening its application [73]. Clarification

performance is affected by the complex nature of the pre-

cipitates that determines low settling rates and consequently

large equipment size [33]. Correct operation in the clarification

performance plays a crucial role, because it is where the
copper and cyanide recoveries could lose 2 or 3 points, up to

40% of recovery under uncontrolled conditions [74]. SART

application experience at industrial scale has shown some

other detrimental consequences using conventional clarifiers

such as: i) high residence time, which promotes the oxidation

and further dissolution of copper, consequently decreasing

the overall copper recovery, ii) copper dissolution also reduces

the cyanide recovery, due to the formation of copper-cyanide

complexes or by the generation of thiocyanate (SCN�), ac-

cording to the following reactions [65,75,76].

Cu2SðsÞ þ 1 =4O2 þ2HCNðaqÞ%CuSðsÞ þCuðCNÞ�2 þHþ þ 1 =2H2O

(3)

Cu2SðsÞ þ 1 =2O2 þ2H2SðaqÞ%2CuSðsÞ þH2O (4)

CuSðsÞ þ 5HCNðaqÞ þ1 = 4O2%2CuðCNÞ�2 þ2SCN� þ4Hþ þ 1 = 2H2O

(5)

In addition, the high surface contact between the slurry

contained in the clarifier and the air promotes HCN volatili-

zation [77]. This fact does not only reduce the overall cyanide

recovery of the process, but it also increases the pH, gener-

ating the additional re-dissolution of copper because the re-

action of Eq. (2) is displaced to the reactants [75]. Hence, the

complex behavior of metal sulfide precipitates can determine

large solideliquid separation equipment and thereby detri-

mental performance consequences related to its associated

high residence time. The drawbacks observed in the clarifi-

cation step of the SART process using conventional thickeners

must be taken into account for future applications of metal

sulfide precipitation in other fields.

In the light of the previous information, there are new

perspectives for the development of new technologies able to

tackle the drawbacks observed in the traditional clarification

process of suspensions obtained in the metal sulfide precipi-

tation reactions. The improvement of the clarification step is

linked to future implementation of thesemethods, facilitating

the recovery of critical metals and the removal of toxic pol-

lutants from different types of wastes, which are directly

connected with the new perspective of circular economy.

1.3. Clarification by membrane filtration

Clarification by membrane filtration is one of the most com-

mon unit operations in different fields, including the food

industry.

Membrane separation processes such as microfiltration

(MF) and ultrafiltration (UF) are a valid alternative to address

the drawbacks of conventional clarification. Both pressure-

driven membranes have a series of advantages, including an

increase in the yield process, a low quantity of steps, and

therefore, they reduce working time, avoiding the use of

clarifying agents, easy cleaning and maintenance of equip-

ment, and waste product reduction [78]. Besides, membrane

processes are characterized by their high-efficiency, simple

equipment, and low energy consumption [79]. On the other

hand, MF can be used to separate particles with diameters of

0.1e10 mm from a solvent and operate at low transmembrane

pressure in the range of 0.5e4 bar. On the other hand, UF

https://doi.org/10.1016/j.jmrt.2021.01.034
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operates at a hydrostatic pressure of 2e10 bar and allows the

separation ofmolecules higher than themolecularweight cut-

off (MWCO) of 1e1000 kDa [80]. In any membrane filtration,

the retention of some particles leads to an accumulation of

themon themembrane surface or fouling, producing a drop of

the permeate flux. This flow reduction over time leads to

losses in productivity, higher operating costs (as a result of

higher energy costs), and increased maintenance re-

quirements [81,82].

It should be pointed out that until these days, membrane

filtration processes have not been applied to treat suspensions

formed by metal sulfide precipitation processes, despite their

characteristics indicate attractive possibilities with respect to

the conventional clarifications methods. In this regard, the

current study presents for the first time the application of

membrane filtration (MF and UF) as a clarification method for

suspensions of copper precipitates formed by sulfide precipi-

tation method in cyanide media. Thus, an alternative to the

conventional SART process is proposed to overcome the cur-

rent limitations of the clarification stage in terms of overall

metal recovery and clarification area required. The study in-

volves the assessment of themain operational variables of the

process, such as pH and sulfide dosage, the effect of copper

concentration in the feed cyanide model solution, and the

impact of the cyanide/copper (CN/Cu) molar ratio in clarifi-

cation results.
2. Materials and methods

2.1. Experimental set-up and procedures

A prototype at laboratory scale was assembled, including a

sealed, stirred and jacketed glass reactor of 2L capacity, con-

nected with a membrane filtration module, through a dia-

phragm pump (KNF, Model NF 1.300TT18RC), as shown in

Fig. 1. The monotubular ceramic membranes used were made

of TiO2, with an active layer of TiO2eZrO2, 10 mm outer

diameter, 6 mm inner diameter, 0.005 m2 contact surface area

(TAMI industries, Nyon, France), and 250 mm length. The

tested membrane pore diameters for MF were 0.14 mm (hy-

draulic permeabilities to water ranged between 5.72 � 10�9

and 6.52 � 10�9 m3 m�2 Pa�1∙s�1) and 1.4 mm (hydraulic
Fig. 1 e Laboratory prototype of metal sulfide precipit
permeabilities to water ranged between 1.56 � 10�8 and

1.69 � 10�8 m3 m�2 Pa�1∙s�1). Additionally, a monotubular

ceramic ultrafiltration (UF) membrane with 150 kDa cut-off

was used (hydraulic permeability to water was

1.94 � 10�9 m3 m�2 Pa�1∙s�1) for a specific test described later

(section 2.3). The system was completed with a thermoregu-

lates bath with recirculation (Jeio Tech, model RWE-2025),

manometers located at the feed and retentate flows, and pH

meter (Hanna instruments) immersed inside the reactor. The

permeate flowwas collected in a sealed tank, connected to the

atmosphere through a tubing of 1 cm diameter, and located

over a balance, which is also connected to a pc.

The solutions used were synthetic preparations,

mimicking real characterizations of cyanide solutions used in

gold mining [33,56,83]. The copper concentration was

assessed within a range of 200 to 1800 mg/L, in order to cover

the typical values of this metal found in gold mining. Dem-

ineralized water (<5 mS/cm) and analytical grade reagents

were used for NaCN, CuCN, H2SO4, HCl, HNO3, NaOH and

NaHS (Sigma Aldrich, Merck). In case of H2SO4, NaOH and

NaHS, 1M solutions were made to perform each test.

The copper metal sulfide precipitation reaction was con-

ducted in the stirred reactor at 200 rpm agitation, where pH

was also controlled during the reaction. After this time, the

suspension generated in the reactor was pumped into the

membrane module, so that the transmembrane pressure was

controlled by a syringe valve in the retentate flow. The feed

flow was defined in 650 mL/min, determining a cross flow

velocity of 0.38 m/s. All tests were operated at 15 �C, regulated
with a circulated water from a thermo-regulated bath con-

nected to the reactor jacket.

The system was operated under batch concentration

configuration, where the retentate flow was permanently

recirculated into the reactor. The operation was finalized

when the suspension contained in the reactor reached the

minimum level to determine a concentration factor of around

10. To avoid HCN volatilization, the permeate tank received

the permeate flow using a 1M NaOH solution. Before feeding

the membrane module, samples were taken from the reactor

from the permeate tank, and from the concentrated suspen-

sion contained in the reactor at the end of the test. The sample

taken from the reactor at the end of the reaction was filtered

using a syringe filter (0.22 or 0.02 mm). The filtered solutionwas
ation coupled with membrane filtration process.

https://doi.org/10.1016/j.jmrt.2021.01.034
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Table 2 e Experimental design used to assess MF
membrane performance.

Parameter �1.0 0 þ1.0

A: pH 3.5 4.25 5.0

B: Sulfide stoichiometric dosage, % 100 110 120

C: Copper concentration, mg/L 200 1000 1800

Table 3 e Detailed conditions for each run of the surface
response analysis.

Run pH NaHS stoichiometric dosage, % [Cu], mg/L

1 3.5 100 1000

2 5.0 100 1000

3 3.5 120 1000

4 5.0 120 1000

5 3.5 110 200

6 5.0 110 200

7 3.5 110 1800

8 5.0 110 1800

9 4.25 100 200

10 4.25 120 200

11 4.25 100 1800

12 4.25 120 1800

13 4.25 110 1000

14 4.25 110 1000

15 4.25 110 1000
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collected in a 1M NaOH solution. This sample and the

permeate sample were analyzed for copper by atomic ab-

sorption spectroscopy (AAS, GBC model SensAA dual). The

copper conversion was estimated through a mass balance,

both at the end of the precipitation reaction (reactor copper

conversion) and at the end of the membrane filtration test

(overall copper conversion). In addition, the final sample

taken from the concentrated suspension in the reactor was

filtered, washed and then dried in a moisture balance to

measure the solids content in the final slurry. Curves of flux

with respect to the operating time were obtained from the

permeate value measured by the balance. Thus, the flux value

for each test was defined as the average between each point

with a variation lower than 5%. Finally, membranes were

washed by immersion for 24 h in a solution of HCl and HNO3

both at 3%wt., recovering at least 85% of the original hydraulic

permeability before it is used again.

2.2. Determination of critical transmembrane pressure
and limiting flux

Limiting flux and critical transmembrane pressure (TMP)

values were determined using a synthetic cyanide solution,

which contained the highest copper concentration assessed in

this study (1800mg/L). The free cyanide concentration was set

at 100 mg/L, simulating the typical conditions used in gold

mining to dissolve gold [83]. The total cyanide concentration

was determined using the same methodology described by

Estay et al. (2020) [56]. This criterion defines a total cyanide

concentration of 2460 mg/L. The copper sulfide precipitation

step was conducted at 3.5 pH and 120% stoichiometric sulfide

dosage in order to maximize the copper conversion and

thereby the precipitates generated because a more severe

fouling at these conditions was expected. The reaction time

used was 15min [33,56]. The suspension was then fed into the

MF module, as described in section 2.1. The tests were per-

formed varying the TMP in a range from 1 to 3 bar to obtain the

limiting flux and the critical TMP [84,85].

This methodology was applied for MF membranes with

0.14 and 1.4 mm of pore diameter in order to define the

adequate pore size membrane for the next tests. According to

these results, the TMP and the pore size membrane were

defined. The final copper conversion in the permeate was

estimated to confirm maximum values and the membrane

separation efficiency.

2.3. Effect of operating conditions and optimization

The effect of copper concentration, pH, and sulfide dosage in

the membrane filtration performance was assessed, con-

ducting an experimental program of Response Surface Meth-

odology (RSM) based on a Box-Behnken design composed by

15 experimental runs, including three central points, and five

degree of freedom for error [86]. All the computations were

performed using Statgraphics Centurion XVI (Statgraphics

Technologies, The Plains, VA, USA). Table 2 shows the factors

and levels carried-out by the experimental program, and

Table 3 shows the condition for each run. All tests were run at

2 bar of feed pressure, using aMFmembrane of 0.14 mmof pore

size, according to results obtained in previous tests (see
section 3.1). The effects evaluated were flux and overall cop-

per conversion. Based on the RSM results, the optimal condi-

tions to maximize flux and copper conversion were estimated

by the desirability function (DF) to determine the combination

of variables to optimize multiple responses. The solids con-

tent in the remaining suspension contained at the end of each

test in the reactor was measured. In addition, a qualitative

analysis of aggregates shape and size to the concentrated

slurry was conducted by optical microscopy (Leica DM 750

connected to a digital camera HD 5 MGPXL WI-FI, Leica

ICC50W). A picture was taken for each test. A particle size

distribution was determined particularly for run 10 of Table 3,

using laser diffraction (Malvern Mastersizer 2000, Malvern

Panalytical Ltd.,Malvern, UK).

Additionally, an exploratory test of UF for run 10 was per-

formed in order to assess the effect of a smaller membrane

pore diameter for the lowest copper concentration evaluated

in the study.

A final test was conducted with the aim of validating the

optimal performance simulated by the desirability function

(DF). This test was run at the determined optimal conditions

(copper concentration, pH and sulfide dosage) determined

previously. A sample of the final suspension remained in the

reactor was taken, filtered, washed, and dried to a further X-

ray fluorescence (XRF) analysis for determining the copper

content in the precipitate.

The contribution of fouling resistance was determined

using a resistance in-series model [87], as shown as follows:

J¼ DP

m
�
Rm þ Rc þ Rf

� (6)

where J is the permeate flux (m3/m2s), DP is the pressure drop

(Pa), m is the liquid viscosity (Pa∙s), Rm is the membrane

https://doi.org/10.1016/j.jmrt.2021.01.034
https://doi.org/10.1016/j.jmrt.2021.01.034


Table 4 e Results of limiting flux and critical TMP for 0.14 and 1.4 mm pore size membranes ([Cu] ¼ 1800 mg/L, CN/
Cu ¼ 3.34, pH 3.5, 120% stoich. NaHS).

Membrane pore
size, mm

Limiting flux,
L/m2s

Limiting permeability,
m3/Pam2s

Critical
TMP, bar

Overall copper
conversion, %

0.14 1.36 4.5∙10�9 3.0 99.9

1.4 1.38 9.2∙10�9 1.5 99.9
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resistance related to the hydraulic conductivity (m�1), Rc is the

resistance related to themembrane fouling (m�1), and Rf is the

irreversible resistance related tomembrane pore blocking and

adsorption phenomena (m�1).

2.4. Effect of the residence time of sulfide precipitation
stage

Residence time effect on the permeate flux and copper con-

version was evaluated in order to project their impact with a

future perspective of scaling-up at pilot scale. In this regard,

different residence time (5 and 10 min) was assessed over

permeate flux and copper conversion.

2.5. Effect of CN/Cu molar ratio on the clarification
performance

The tests conducted in previous sections (2.2e2.4) were car-

ried out using a free cyanide concentration of 100mg/L, which

determined a CN/Cu molar ratio of 4.33, 3.44 and 3.34 for 200,

1000 and 1800 mg/L Cu, respectively. Taking into account that

the total cyanide concentration value depends on the oper-

ating criteria of each cyanidation plant, and differences on the

CN/Cu molar ratio could promote different results of

permeate flux or copper recovery, tests focused on the effect

of the CN/Cu molar ratio were also performed. In this regard,

tests varying the CN/Cumolar ratio (3.34, 6.68, 10.0) for copper

concentrations of 200, 500, 1000 and 1800 mg/L were con-

ducted. This experimental program was run under univariate

conditions that is each CN/Cu molar ratio was run for each

copper concentration.

The sulfide precipitation stage was conducted at 5 min

residence time, according to results obtained in the previous

tests (see section 3.3), and the optimal conditions defined

earlier for pH and sulfide addition (see section 3.2). Flux,

copper conversion, and qualitative shape and size of aggre-

gates taken from the optical microscopy were obtained for

each test.

2.6. Clarification performance for a highly concentrated
cyanide solution

Currently, the clarification stage of the SART process is also

used to thicken as much as possible the slurry formed at the

bottom of the equipment, in order to improve results in the

further filtration stage. In this regard, the expected value used

to design this process ranges between 10% and 15% [33],

although there are no industrial results that confirm this cri-

terion has been reached. Considering that the typical control

used to thicken the underflow in conventional clarification

processes is using the rise of the interface level of the slurry
inside the equipment, the risk of increasing the solids content

in the overflow increases. Therefore, it is highly probable that

this dual requirement (high clarity of the overflow and high

solids content in the underflow) in the clarification stage of

the SART process promotes an opposite result, particularly in

terms of the overflow clarity, reducing the overall copper and

cyanide recovery in the plant. In this context, the possible

achievement of a high quality permeate coupled by a reten-

tate with high solids content by the MF process proposed here

could be of high interest by the industry for future

implementations.

The laboratory scale system described in section 2.1 is

limited by the minimum level required by the pump. This

limitation determines a maximum concentration factor of

around 10, restricting the final solid concentration, consid-

ering the low copper concentration used in the feed solution.

In addition, the volume of precipitate slurry obtained by each

test would force it to blend the retentates in at least 10 tests.

This possibility was dismissed by possible chemical changes

with time, losing representativeness. Therefore, the assess-

ment of the maximum solid content in the retentate must be

performed using a high copper concentration in the feed so-

lution. A high concentration of copper in the feed solution

implies a high concentration of cyanide to avoid the precipi-

tation of CuCN before the sulfide addition. For these reasons, a

unique final test was performed at 21,000 mg/L Cu and 3.5 CN/

Cu molar ratio, which is the minimum value to keep the

copper dissolved, operating at the optimal conditions defined

earlier (4.5 pH, 120% sulfide dosage, 2 bar feed pressure, 5 min

residence time and 0.14 mm membrane pore size). The solid

content was measured by a moisture balance from a sample

taken from the final slurry contained in the reactor, to be

finally filtered and washed.
3. Results and discussion

3.1. Determination of critical TMP and limiting flux

The limiting flux and critical TMP results are shown in Table 4.

The limiting flux values are similar for both used membranes,

although the critical TMP obtained for the 0.14 mm pore size

membrane duplicated the value determined for the 1.4 mm.

These results show that the fouling resistance formed by the

copper sulfide precipitates determines a limiting flux near

1.4 L/m2s. The differences between critical TMP values for

both pore sizes can be explained by the intrinsic resistance of

each membrane, which is higher for membranes with a lower

pore diameter. When results are compared in terms of

permeability, the 1.4 mm pore size membrane duplicated the

value reached by the 0.14 mm pore size membrane.
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Fig. 2 e Standardized Pareto charts for flux (a) and overall

copper conversion (b). Both charts show the interaction

effect between each parameter (þ) increases the effect

response and (¡) decreases the effect response.

Fig. 3 e Surface response 3D curves for flux (a) and overall

copper conversion (b) with respect to copper concentration

and NaHS dosage at pH 4.25.
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The copper conversion reached values closer than 100%,

confirming the aforementioned conditions defined where the

operating conditions selected maximized the generation of

precipitates. Moreover, these results indicate that both pore

size membranes had a high rejection, because the content of

dissolved copper in the permeate was neglected. In this

respect, the safety measure taken, with regards to keeping a

receiving NaOH solution in the permeate tank to avoid HCN

volatilization, promotes the dissolution of copper precipitates,

following equation (2). Therefore, any precipitate contained in

the permeate solution must be detected by the analysis of

dissolved copper.

Considering these results, where the maximum flux and

rejection for both pore size are similar, but the critical TMP is

lower for the higher pore size membrane, the selection of this

last membrane could be attractive in order to reduce the en-

ergy requirements. Nevertheless, there are two additional

aspects to be considered: i) Particle size distribution of these

precipitates generated with the same conditions of those ob-

tained for results in Table 3. Hence, they were measured by

Mastersizer and a non-invasive opticalmicroscopymethod. In

a previous report [70], they showed the possibility to have

precipitates with sizes smaller than 1 mm, ii) The washing

stage of the 1.4 mm pore size membrane took a long time with

respect to the membrane of 0.14 mm pore size (data not

shown). Therefore, there is a high possibility of pore clogging

for the 1.4 mm membrane, promoted by the presence of

smaller precipitates (<1.0 mm). Thus, the definition of feed

pressure and membrane pore size was based on the minimi-

zation of this risk of severe fouling. Hence, the operating feed

pressure was defined at 2 bar for the membrane of 0.14 mm

pore size for the following assessments.
3.2. Effect of operating conditions and optimization

Fig. 2 shows the standardized Pareto charts for flux and overall

copper conversion, where it can be observed the effect of each

studied factor and the interaction effect between them. Fac-

tors or interactions overlapping the vertical blue line are

considered statistically significant with a 95% confidence

level. Thus, themost significant factor in both responses is the

copper concentration in the feed solution. In the case of the

overall copper conversion, the sulfide dosage has a minor ef-

fect on the response variable, but it is still significant. Taking

these results into account, Fig. 3 shows the 3D response sur-

face plot for flux and overall copper conversion as a function

of the significant effects (copper concentration and sulfide

dosage) at pH 4.25. According to these results, flux values

ranged between 0.059 and 1.05 L/m2s and overall copper

conversion from 75% to 99.9%.

Flux results were surprisingly high when the values ob-

tained here are compared with the hydraulic permeability of

the membranes and by typical flux values reached by other

matrices, which achieved up to two order of magnitude lower

than those obtained here [85,88].

According to the hydraulic permeabilities reported in sec-

tion 2.1, the maximum flux expected for water, in these

membranes at 2 bar, ranges between 1.1 and 1.3 L/m2s.

Therefore, the maximum flux obtained in the clarification of

copper sulfide precipitates is very close to the water flux,

indicating low fouling impact. Nevertheless, the flux obtained

drops almost by two orders of magnitude when copper con-

centration is as low as 200 mg/L.
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In addition, Fig. 4 shows selected curves from the experi-

mental design for different copper concentration at the same

sulfide dosage. These results show a highly stable flux curves

for copper concentration over 1000 mg/L, defining values

around 1.0 L/m2s, instead of the flux at 200mg/L Cu, where the

curve is systematically decreasing up to achieve a plateau

around 0.1 L/m2s. Generally, it is reported that the increase in

the feed concentration results in a drop in the permeate flux

[89]; however, these work results are contrary to the expec-

tations. The above can be explained by the differences in

copper precipitates’ shape and size characteristic at different

copper concentrations.

The copper sulfide precipitates have previously been

characterized at high copper concentration (1800 mg/L)

[67,70], presenting high aggregation capacity and reaching

aggregates sizes higher than 400 mm. Besides, the particle size

distribution showed a bi-modal behavior with at least 30%

particles under 10 mm. This aggregate size could explain the

high flux values reached for higher copper concentrations, but

it does not explain the flux drop at 200 mg/L Cu. In this case,

the aggregation capacity of copper precipitates changes

drastically, as can be seen in Fig. 5, where the size and shape

of aggregates are compared for the same selected tests re-

ported in Fig. 4. The aggregate size at 200 mg/L is slightly

neglected in comparison to the aggregates formed at 1000 and

1800 mg/L Cu, which are larger than 200 mm. This size differ-

ence can explain the flux response for different Cu concen-

tration because the associated type of fouling could be

completely different.

Previous studies conducted by this research group [67,68],

focused on the determination of the behavior of aggregation
Fig. 4 e Flux vs time curves at different copper

concentration in the cyanide feed solution at 110% sulfide

stoichiometric dosage. a) [Cu] ¼ 1800 (Run 8), and

[Cu] ¼ 1000 mg/L (Run 15), b) [Cu] ¼ 200 mg/L (Run 5).

Fig. 5 e Optical micrographs of copper sulfide precipitates

of selected tests at 110% sulfide stoichiometric dosage. a)

1800 mg/L Cu (Run 8), b) 1000 mg/L Cu (Run 15), c) 200 mg/L

Cu (Run 5).
capacity of precipitates, suggesting that in case of copper

precipitates, its interaction with water promotes the genera-

tion of large aggregates (electro static interaction between

copper ions). Therefore, the high flux values reached at high

Cu concentration can be promoted by the large aggregation

size. Nevertheless, the aggregation capacity of copper pre-

cipitates at lower Cu concentration is negligible, as shown in

Fig. 5. This behavior could be determined by the action of

dissolved oxygen in precipitates, re-dissolving copper pre-

cipitates (Eqs (3) and (4)) and forming by-products such as

SCN� (Eq. (5)) or elemental sulfur, as shown in the following

equation [65]:
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Fig. 6 e Copper conversion results obtained in the reactor (reactor copper conversion) and in the permeate (overall copper

conversion) for each test of Table 3.
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H2SðaqÞ þ 1 =2O2%S0
ðsÞ þH2O (7)

The O2/Cu molar ratio at lower copper concentration,

maybe affects the growth of small aggregates by the action of

thiocyanate (SCN�), sulfur (S0) or the oxygen itself on the

surface of copper precipitates. This phenomenon limits the

aggregation growth, promoting a different fouling formation

on the membrane surface.

The overall and reactor copper conversionswere compared

to determine the separation efficiency of the membrane

(Fig. 6). The overall copper conversion was higher than the

reactor copper conversion in 13 out of 15 tests. This fact does

not only confirms that the membrane filtration can keep at

least the same copper conversion achieved in the reactor, but

it also allows the copper conversion to be increased. In fact,

the copper conversion for Cu concentration higher than

1000 mg/L was increased up to 7 points. The rise of copper
Fig. 7 e Cumulative particle size distribution of copper sulfide pre

at pH 4.25 and 120% sulfide stoichiometric dosage (Run 10), me
conversion could be determined by the continuous HCN

removal through the permeate along the membrane, which

determines the shifts of the chemical equilibrium towards the

products in the sulfide precipitation reaction (Eq. (2)). The

occurrence of this phenomenon is a big difference to the

current clarification performed by conventional gravitational

thickeners, where the solution that contains the generated

HCN remains together with copper precipitates. Instead, the

membrane filtration process is continuously removing the

products through the permeate flow.

In the case of tests carried out at 200 mg/L Cu (see Table 3),

the copper conversion results are opposed. On the one hand,

there are two tests where the overall copper conversion is

higher than 8 points with respect to the reactor copper con-

version (experimental runs 5 and 9). On the other hand, the

only tests where copper conversion was high in the reactor

occurred at 200 mg/L (experimental runs 6 and 10). Therefore,

the low copper concentration condition does not only
cipitates generated from a solution contained 200mg/L Cu,

asured by Laser diffraction (Mastersizer).
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determines the lowest flux values, but it can also promote a

decrease in the copper conversion. This fact can be explained

by the dissolved oxygen effect, previously described, and the

longer duration of these tests (Fig. 4), promoting copper

dissolution (Eqs (3)e(5)), the presence of small precipitates

that can cross the membrane, or a combined effect of both

mechanisms. Fig. 7 shows the result of the cumulative particle

size distribution of copper precipitates for run 10. This curve

shows a 30% of particles smaller than 0.14 mm, defining a po-

tential risk of pore clogging or particles crossing through the

membrane. Therefore, the reason for the limited aggregation

capacity of copper precipitates at low Cu concentration is a

key aspect for the treatment of diluted feed flows. The

possible detrimental effect of the dissolved oxygen for low

copper concentration could be minimized at larger scale,

under a steady-state condition, because the residence time of

the process will be lower than the batch recirculation tests

conducted here. Hence, the effect of dissolved oxygen on

copper precipitates under cyanide media, and thereby its

impact in the flux and also in the copper conversion must be

carefully studied in future work.
Fig. 9 e Flux vs time curves of MF and UF for Run 10 of

Table 3.
The resistance in-series analysis (Fig. 8) related to Eq. (6)

agrees with the previous results, showing that the mem-

brane resistance (Rm) is more significant than the others re-

sistances (Rc and Rf) for all tests of copper concentration higher

than 1000 mg/L, with differences between one and two orders

of magnitude. On the contrary, the Rc results for 200 mg/L

copper concentration tests were significantly higher than Rm

and Rf (al least one order of magnitude), even reaching above

90% resistance in tests 5 and 6 (Table 3). These results

demonstrate a completely different behavior between the

type of fouling and its effect on the permeate flux for low

copper concentration. On the other hand, the values of irre-

versible resistance (Rf) for all tests were lower than 15% in

agreement with the cleaning criteria of membranes. Future

studies should focus on the determination of this value for

longer times and after several washing steps. In this study, the

recovery of membranes reached values of 100% after several

washing steps without a concrete pattern of washing time,

test condition, among others.

According to the aforementioned results obtained for Cu

concentration of 200 mg/L, the future studies of metal sulfide

precipitation coupled with membrane filtration must be con-

ducted for the specific copper concentration expected in a
Table 5 e Optimal conditions simulated by the surface
response method and the estimated responses to reach
in these conditions.

Factor Optimal value

pH 4.65

Stoichiometric NaHS dosage, % 119.98

Copper concentration, mg/L 1798.9

Response Result

Flux, L/m2s 1.12

Overall copper conversion, % 100.0
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Table 6 e Results of the effect of residence time in the
precipitation reactor at the optimal conditions proposed
(4.5 pH, 120% stoichiometric NaHS dosage, 1800mg/L Cu).

Residence
time, min

Solids content
in retentate, %

Reactor copper
conversion, %

Overall copper
conversion, %

15 3.3 99.8 99.9

10 3.2 99.9 99.9

5 3.2 99.8 99.9
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plant operation, including the determination of limiting flux

and critical TMP.

In order to determine the effect of small particles and the

long-time operation, an exploratory test of UF was performed

at the same conditions of run 10. Fig. 9 shows the curves of

flux vs time for MF and UF. Flux decreases from 0.18 to 0.2 L/

m2s in MF to 0.12e0.14 L/m2s in UF (around 30% lower).

Accordingly, the overall copper conversion increased from

87% in MF to 92.6% in UF, although is still lower than the

copper conversion in the reactor (95.9 in MF, 95.4% in UF). This

result indicates that particles lower than 0.14 mm could have

crossed the MF membrane, but there is a fraction of copper

precipitated in the reactorwhich is re-dissolved or still crosses

the UF pores.

The solids content in the retentate varied from 0.37 to

0.67% wt., 1.0e2.0% wt., and 2.8e3.2% wt. for 200, 1000 and

1800 mg/L Cu, respectively, for all runs conducted.

According to the RSM a multiple optimization was per-

formed (Table 5) to maximize the permeate flux and overall

copper conversion. These results show that the flux and the

overall copper conversion at high copper concentration could

be maximum. The curve of flux vs. time obtained by the

experimental validation test is shown in Fig. 10 (curve at

15 min), where pH slightly changed to 4.5. The curve shape is

similar to those found for high copper concentration (Fig. 4a),

and a stable flux value around 1.1 L/m2s was reached. Like-

wise, the overall copper conversion was 99.9% (Table 6). These

values validated the simulated results achieved by the mul-

tiple optimization. It is necessary to mention that the copper

concentration in the feed solution cannot be adjusted, but the

solids content in the precipitation reactor could be set by

recycling part of the retentate flow. Thus, in this test, the

optimal copper concentration of 1800 mg/L simulates a po-

tential solids content in the reactor of around 0.2e0.3% wt.

The effect of recycling and adjusting the solids content in the

reactor must be confirmed by further specific tests, particu-

larly to assess the effect of dissolved oxygen in the recycled

precipitates.
Fig. 10 e Flux vs time curves for different residence times in th

operating conditions (pH 4.5, 120% stoichiometric NaHS dosage
The results of elemental characterization by XRF analysis

determined the following contents: 75.5% Cu and 20.3% S,

confirming that the sulfide precipitation process can reach

contents in solids closer to the stoichiometric value (in this

case 79.9% Cu).

3.3. Effect of residence time of sulfide precipitation stage

The effect of residence time in the precipitation reactor is

presented in curves of flux vs time in Fig. 10, and copper

conversion and solids contents in retentate are shown in

Table 6. Flux shows a slight decrease for residence times lower

than 15 min, although the stable values are still kept around

1.0 L/m2s. Moreover, the copper conversion was identical and

maximum (99.9%) for the three times assessed. These results

indicate that there is an opportunity of improving the reactor

size without relevant effects on MF performance. In addition,

these results are in agreement with the aggregate size evolu-

tion determined for 1800 mg/L copper concentration in a

previous study [90], which showed that the maximum aggre-

gation size was reached before 5 min of residence time.

3.4. Effect of CN/Cu molar ratio on the clarification
performance

The cyanide content can modify the thermodynamic specia-

tion of copper-cyanide complexes present in the feed solution,

and thereby the stability of copper precipitates generated in
e precipitation reactor, obtained at the proposed optimal

, and 1800 mg/L Cu, 2 bar).
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the sulfide precipitation stage, since the sulfide precipitation

reaction could be displaced to reactants at higher CN/Cu

molar ratio. Figure 11 shows the flux and copper conversion

results for different CN/Cu molar ratio and copper concen-

tration in the feed solution. These results show similar flux

values for all CN/Cumolar ratio, when copper concentration is

higher than 500 mg/L, keeping it in a range between 1.0 L/m2s

and 1.2 L/m2s. In these conditions, it is particularly interesting

that the flux results at 500 mg/L Cu are similar, and they even

increases, to the one obtained for higher copper concentra-

tions, indicating that the aggregation capacity in this condi-

tion is not affected as the one at 200 mg/L Cu (see Fig. 12a,b).

In the case of 200 mg/L Cu, the results show a drastic in-

crease of flux at 10.0 CN/Cu molar ratio (over 250%) in com-

parison with the flux obtained at 3.34 CN/Cu molar ratio. This

significant increase in flux is explained by the change of the

aggregation capacity of copper precipitates at 200 mg/L Cu for

10.0 CN/Cu molar ratio (see Fig. 12c,d). Likewise, in this test,

the overall copper conversion was higher than the reactor

copper conversion by 2 points, demonstrating the relevance of

the aggregate size on the process results. The only explana-

tion to this phenomenon is coherent with the hypothesis of

dissolved oxygen effects on the aggregation capacity at low Cu
Fig. 11 e Results of the CN/Cu molar effect on flux (a) and overa

operating conditions (pH 4.5, 120% stoichiometric NaHS dosage

denotes Cu concentration (Cu/CN molar ratio).
concentration. The detrimental effect of dissolved oxygen

could be attenuated by the high presence of cyanide, which

reacts with oxygen to form cyanate (CNO�). The kinetic con-

stant of this reaction should be sufficient slower than the ki-

netic of reactions from equations 3 to 5 and 7 in order to show

a noteworthy effect only when the cyanide concentration is

very high. Again, the understanding of the dissolved oxygen

effect on the aggregation capacity of precipitates is a key

aspect to optimize and maximize the performance of this

proposed process for low copper contents.

3.5. Clarification performance for a highly concentrated
cyanide solution

The final test to confirm the maximum tolerable solid content

by the MF membranes show a stable flux curve over time,

although there are slight drops related to the increase of solids

concentration (Fig. 13), reaching flux values around 0.3 L/m2s

to 0.4 L/m2s. The final solid content measured was 18.5% and

the overall copper conversion confirms that the MF mem-

brane could effectively reject the solids present in the treated

suspension (Table 7). These results demonstrate that the

membrane filtration is also capable of achieving a similar or
ll copper recovery (b), obtained at the proposed optimal

, and 1800 mg/L Cu, 2 bar, 5 min). For graph (b) X-axis
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Fig. 12 e Optical micrographs of copper sulfide precipitates. a) 500 mg/L Cu at 3.34 CN/Cu, b) 500 mg/L Cu at 10.0 CN/Cu, c)

200 mg/L Cu at 3.34 CN/Cu, d) 200 mg/L Cu at 10.0 CN/Cu.
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higher solids content in the final slurry in comparisonwith the

SART process.

3.6. Sizing approach

According to the results obtained here, flux values for copper

concentration over 500 mg/L were higher than 1.0 L/m2s. In

the treatment of an industrial flow of 200 m3/h, the required

membrane area will be 55.6 m2 (without considering washing

times). Industrial ceramic MF modules with this area have an
Fig. 13 e Flux vs time curve for a test of high copper

concentration and optimal conditions (21,000 mg/L Cu, 4.5

pH, 120% stoichiometric NaHS dosage, 2 bar, 5 min).
approximate size of 1.2 m length and 0.5 m diameter (i.e.,

0.24 m3 equipment volume). The current clarification stage of

a SART process uses thickeners designed with a rise rate of

around 2.0 m3/m2h [33], showing a required area of 100 m2,

without safety factor, which defines a thickener diameter of

11.3 m: approximately 250 m3 equipment volume. In terms of

residence time, the membrane filtration process has a few

seconds of residence time (<5 s) in comparison with a gravi-

tational clarifier of the SART process, which is at least 90 min,

depending on the cone angle. Furthermore, for lower copper

concentration, where the membrane area could be 10 times

higher, the total equipment volume and residence timewill be

several times lower than the conventional thickeners.

The process based on membrane filtration proposed here

can achieve better copper recoveries using less equipment

volume, showing lower residence times with respect to the

SART process. Thereby, this process avoids the risk or pre-

cipitates re-dissolution and cyanide losses given the detri-

mental effect of oxygen at high residence times. These

advantages can reduce the capital and operational costs of a

copper-cyanide recovery plant, by also increasing the income,

and even reducing the contact area between suspensions and

atmosphere, limiting the risk of HCN volatilization. Therefore,

the proposed process here is more efficient and safer than the

current clarification step of the SART process.

Finally, future studies must be focused on the validation of

results with long time tests at steady-state, the understanding
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Table 7 e Results of the final test at high copper
concentration and optimal conditions (21,000 mg/L Cu,
4.5 pH, 120% stoichiometric NaHS dosage, 2 bar, 5 min).

Solids content in
retentate, %

Reactor copper
conversion, %

Overall copper
conversion, %

18.5 89.4 91.5
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of the effect of dissolved oxygen in the aggregation capacity of

precipitates for low copper contents, membrane cleaning

studies, and the impact of different impurities present in real

cyanide solutions.
4. Conclusions

The current study was focused on developing a new process

based on membrane filtration process for enhancing the

clarification efficiency of copper sulfide precipitates in cyanide

media. The work involved the study of the main effects of

different operating conditions, the definition of feed pressure,

reactor residence time, andmaximum solid content produced

in retentate and the impact of cyanide content in the process

performance. The results were extremely promising, since

flux values ranged between 0.9 L/m2s and 1.2 L/m2s for copper

concentrations higher than 500 mg/L and copper recoveries

closer to 100% at the determined optimal operating conditions

(4.5 pH, 120%NaHS stoichiometric dosage, 2 bar feed pressure,

and 5 min residence time). In addition, flux values dropped

below 0.1 L/m2s and overall copper recoveries were lower than

reactor copper recoveries for copper concentrations of

200 mg/L, since the aggregation behavior of precipitates

changed in this condition. The possible detrimental effect of

dissolved oxygen must be studied in future works, in order to

optimize these results. Regardless of these particular results

at 200 mg/L Cu, which can be addressed using UF, the pro-

posed technology shows attractive results with perspectives

of an industrial implementation because it achieves better

separation performance with respect to the conventional

gravitational clarification, in terms of solids recovery, overall

copper recovery, residence time, equipment capacity, and

safety.
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