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Abstract

With a need for the reuse of sewage sludge as a sustainable phosphate source,

removal of contaminant metallic hazards become imperative. Success in leaching

metals from sewage sludge leaves open the study of removal and recovery

of mobile metals from a slurry. Careful consideration of lixiviants and solution

condition controls have been considered for the total removal of specific metals

of interest, and the solid phase extraction of target metals has been studied

extensively.

Copper, iron(II), lead and zinc extraction by C107E, TP214, MTS9100,

MTS9501, MTS9301, MTS9570 were screened over the buffering regions of

acetic, lactic and citric acid. With acetic acid providing the least hindrance to

extraction, isotherm and kinetic characterisation determined MTS9301 as the

most effective. Kinetically able to separate iron(II) and other metals (130min

vs a maximum of 49min), and extracting >90% of metals without desorption or

competition with a surface concentration 2.729mmol g−1.

Due to the large variation in sewage sludge, a resin-in-pulp was conducted

utilising a modified literature surrogate. Leaching was conducted for 24h in pH 1

acetic acid and 9% H2O2, dissolving 33-36, 88-89 and 91-92% of copper, lead and

zinc, respectively, before neutralisation and final addition of MTS9301. Elution

determined that with 2mL resin 38.9, 37.9 and 53.6% recovery of copper, lead

and zinc, respectively, was attained with a simple one stage extraction.

v



vi

As citric acid is not only relevant to this work, but also resource recovery in

general, further study was conducted into the performance of MTS9301 within

citrate. It was found that optimal extraction was obtained in 0.1mol L−1 citrate.

Total equilibrium and kinetic performance was only slightly effected for copper,

lead and zinc, with the resin displaying far lower capacity for iron(II) and a

secondary desorption once peak extraction was achieved.
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Chapter 1

Introduction

1.1 Phosphate

As the population of the world pushes towards 10 billion (predicted to reach 9.4

to 10.1 billion by 2050 [1–3]), the demand for raw materials is naturally expected

to increase. This increase is, somewhat artificially enhanced by an increase in

affluent class causing an increase in per capita demand [4,5]. Increased global

demand for food production, particularly crop growth, has placed high levels of

stress on phosphate sources; a primary macro-nutrient used within agriculture [6].

This demand has led to the interest in an understanding of the lifetime of

current phosphate reserves, which returned glum outlooks, with peak production

of phosphate occurring at or before 2139 and total reserves lasting anywhere

between 30 and 400 years [4,7]. The issue between supply and demand of

phosphate has generated fears surrounding global food security [3], and even

sparked civil unrest in communities heavily affected. Raw phosphate minerals

have since been placed on the EU critical minerals list under the umbrella term

‘phosphate rock’ [8].

With imminent shortages of phosphate rock, the pressure placed upon

industrial fertiliser production is paramount. This imminent shortage is only

1
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exasperated by the disparity in distribution of phosphate, with Morocco and the

Western Sahara region claiming 50 billion tonnes of global mining reserves (or ∼

70% of the total phosphate reserves, Figure 1.1) [9]. Cumulatively, the remaining

phosphate reserves account for a mere ∼21 billion tonnes, with many nations

(including a large quantity of EU based nations) not having access to their

own sufficient phosphate reserves, creating the potential for geopolitical tension

surrounding food security [9].

Figure 1.1: Schematic representing distribution of phosphate rock reserves
throughout the world as of 2019 [9].

The critical nature and necessity for phosphate has led to the mining of lower

grade phosphate rock, and considering phosphate forms thermodynamically

stable solids, a large quantity of toxic heavy metals can be present within these

sources [10–12]. The ingress of these impurities into phosphate rock generates

hazards throughout the refinement process of phosphate from mineral form as

well as the formation of potentially more hazardous phosphate products [13]. An

ever increasing nutrient source, that is relatively underutilised, is sewage sludge.
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1.2 Sewage Sludge

Sewage sludge is the residual solid material of the wastewater treatment

process after the release of clean liquid effluent; in many cases this solid is either

incinerated or discarded in landfill [14]. The screening of solids, water digestion

and, perhaps the most relevant to this topic, precipitation of nutrients to prevent

eutrophication of effluent release sites generates a large volume of solid material

within wastewater treatment plants (Figure 1.2). This sludge is rich in nutrients,

containing up to 44% of the phosphate concentration of commercially available

fertilisers [15]. Why should this not be utilised in agriculture as a replacement or at

least a supplement for the fertilisers obtained from phosphate rock?

Figure 1.2: Schematic of a general waste water treatment plant, reproduced
from Metcalf et al. [14], including broad sludge treatment stages.

In the UK, specifically, there is almost an 80% utilisation of sewage sludge

within agriculture (Figure 1.3) [16]. This is an excellent start, and the stabilisation

and disinfection stages (followed by addition of lime and, in some cases,

incineration before crop addition [17]) leave practically very little biological hazards

surrounding the usage of this biosolid as a fertiliser. On top of the utilisation of

sewage sludge directly, many processes have been generated for the extraction

and recycling of resources from the sludge.
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Figure 1.3: Graphical representation of the 2010 statistics for use of sewage
sludge within the UK [16].

One of the simplest of these processes is sources separation; the theory

behind which is simple enough, separate the nutrient dense domestic waste

from the bulk of municipal waste and utilise this source [15,18]. As a majority

of the nutrients within wastewater exist within the liquid phase (hence the

aforementioned precipitation process) this requires the installation of specially

designed toilets that allow for the separation of urine and faeces, as well as

household storage tanks [18]; however, this process is difficult to establish in

conjunction with older communities [18]. An alternative to this process, not mutually

exclusive, is the precipitation of the nutrients from urine in a biologically available

form of the mineral struvite (Mg(NH4)PO4.6H2O) [19].

The precipitation of struvite (through the reaction in Scheme 1) [19]

demonstrated nitrogen recoveries of 67-80%, with phosphate recoveries reaching

65-80%, with this process being more energy efficient than commercial fertiliser

production (102MJ for 1kg of nitrogen and 2.2kg of phosphorous vs 154MJ for the

same masses in commercial fertiliser). Commercially, since 1998, an advanced
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water treatment plant has been in operation at the Shimane Prefecture Lake Shinji

East Clean Centre (SECC) in Japan. This plant has been producing struvite

at an equivalent value of £196 per tonne, with hazardous metal concentrations

lower than commercial fertilizers [20]. Struvite precipitation, however, is not the

only process for nutrient recovery from sewage sludge.

Scheme 1

Full-scale extraction of phosphate from sewage sludge ash is currently being

conducted by RecoPhos [21] and SGL Carbon GmbH. This process relies on the

reaction of phosphoric acid with sewage sludge ash produced from incineration

(hypothetically conducted through the reaction in Schematic 2 [21]), completely

recovering the phosphoric acid and producing a viable and commercially

available fertiliser; the RecoPhos process is currently producing 1000 tonnes of

fertiliser per month. The phosphate fertiliser produced does contain elevated

concentrations of the heavy metals, and while the concentrations of copper and

zinc in the produced fertiliser are within the limits recommended by the German

fertiliser ordinance [22], these are still appreciable values (copper concentration in

RecoPhos P38 being 663 ppm, and zinc being 1586 ppm) [21].

Scheme 2

This alarming concentration of metals brings into light the negligence of all of

the above mentioned processes, which is a key issue surrounding the usage of

sewage as a fertiliser source - release of metals into the environment; especially

true with regards to the usage of sewage sludge for agricultural purposes within

the UK. Within Figure 1.4 the European limits for metals content within sewage

sludge intended for use on agricultural soils [23] are compared directly against the
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limit for phosphate based fertilisers [24]. This discrepancy is where many of these

attempts at recycling fall short; there is a large quantity of heavy metals released

into, not just crop growing agricultural land, but also the environment, and this

limits the crops and time period that sewage sludge application can occur [25].

This is especially true with respect to the difference in cadmium and mercury

limits, which are potentially two of the most hazardous of the limited metals [26].

Figure 1.4: A comparison of the heavy metal limits imposed on sewage sludge
and those imposed upon mineral based fertilisers [23,24].

1.3 Heavy Metals

1.3.1 The Problem

Many legacy municipal wastewater treatment plant influents are a combination

of multiple sources from industry to stormwater to domestic wastewater [14]; this

combination of multiple sources is the main factor allowing for the ingress of

multiple pollutants within wastewater [17,27–29] (Figure 1.5 displays concentrations

of heavy metals from sewage sludge around the world). With the majority of
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organic pollutants being dealt with through digestion, aeration or incineration [14],

the residual pollutants causing issue are heavy metals. Through sludge

stabilisation processes such as digestion [14,30], chemical precipitation [31] and

wetland remediation [30,32], these metals are removed from mobile phases,

ultimately remaining within sewage sludge.

Figure 1.5: Concentrations of metals in sewage sludge from different regions
around the world. [1] Vriens et al. (2017) [33], [2] Stevens (2009) [27], [3] Liu et al.
(2010) [29], [4] Fytili and Zabaniotou (2008) [17], [5] Hsiau and Lo (1998) [28]

There are strict guidelines, within the EU and the UK, on the concentrations

of metals within sludge for disposal or agricultural usage in order to minimise

environmental toxicity [23,25]. Often metals within sewage sludge are within

guideline limits for agricultural application; despite this, concentrations can still

be alarming, with copper, lead and zinc concentrations reaching averages of 337,

124 and 1222mg kg−1 in the EU, and the US reporting averages of 850, 500 and

1740mg g−1 or higher [34], all beyond the limits already imposed on commercial

fertilisers (Figure 1.4) [24]. While not procuring direct legislative concern, the

concentrations can lead to the accumulation of metals within soil. This, in turn,

creates an indirect concern and a limitation of the total applications before soil
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concentrations are of legislative concern (Table 1.1), these limits equating to

between 70 and 80 years of application, [35]. An extreme accumulation in soils

has been observed within historical sites of sludge amended soils, where lead

concentrations were discovered to be up to 25g kg−1 [35].

Table 1.1: Average number of sludge applications to agricultural land before soil
guideline limits are breached [35].

Metal Applications

Cadmium 29
Chromium 49

Copper 31
Lead 33

Mercury 18
Nickel 37
Zinc 29

Many of these guidelines have been written with the assumption of a completely

immobilised heavy metal population within sewage sludge [35]. However,

depending on the treatment process and the source of the metals within sewage

sludge, the speciation of these metals can differ markedly. Generally speaking the

majority of metals are found within the oxidisable and residual fraction (sulphides

and associated with organometallic compounds), however these metals can also

be associated with reducible or exchangeable fractions (either associated with

carbonates or metal oxides) [17,30,35,36]. Despite the reliance on this assumption,

there is still the admission of potential mobility of metals as the pH dependence

of metal mobility has led to a requirement for the treatment of sewage sludge

with lime prior to addition to land, converting a majority of the previously mobile

species into oxides, hydroxides and carbonates [25,35].

With all metallic immobilisation regulations in place, it is stated that the transfer

of heavy metals through any soil-plant-human/animal pathway is seen as a very
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minor risk and is quite unlikely to cause harm [35]. Immobilisation, however, is not

necessarily the best option for total environmental pollution, as many conditions

can change, such as soil acidity and oxidation-reduction potential (ORP), leading

to the mobilisation of metals. This is of concern, considering the assumption

is that majority of metals within sewage sludge are associated with sulphide

compounds [30], and while these are amongst the least soluble metallic species,

still maintain pathways for mobilisation throughout the environment [37].

Scheme 3

Introduction of metal sulphides to agricultural soils generates concerns similar

to that of acid mine drainage. Acid mine drainage is an issue associated with

abandoned mine sites all across the globe and is initiated by the presence

of metal sulphide in the mine, particularly pyrite [38]. The oxidation of metal

sulphides generates sulphuric acid (Reaction Scheme 3), which can further push

the dissolution and mobilisation of metals [38]. This is a large concern with respect

to vacant mine sites, yet is overlooked in many cases when considering the usage

of sewage sludge for crop fertilisation.

Therefore, while recovery of nutrients has been successful in formulation of

fertiliser sources, many regions around the world are placing stricter guidelines

on landfill [39]. The waste generated from these advanced wastewater treatments

maintain the relatively high concentrations of heavy metals in complicated forms.

Thus, if metals aren’t making their way into landfill, they’re being directly applied

to agricultural crops. This leads to the necessity for the removal of metals from

sewage sludge, and many solutions have been derived for this purpose. This,
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along with a potential for added value of metals recovery, is the main reason that

there will be a focus towards metals removal rather than immobilisation.

1.3.2 The Value of Metals

Metals, as alluded to before, are an unavoidable risk when utilising sewage

sludge for agricultural purposes, but their story doesn’t have to end there. Metals,

themselves, are valuable. They have value both inherent value, and in low

enough, controlled, concentrations they can be utilised as micro-nutrients. Here

we will focus on the value of metals in both cases.

Creating a more circular economy requires seeking resources where they were

previously ignored; this is especially true with respect to sewage sludge. Table

1.2 displays the base and rare earth metals of the largest concentration within

sewage sludge (calculated from Vriens et al. [33]). A best case scenario from the

extraction of these metals alone, one tonne of sewage sludge (from the selected

metals) could accumulate £6.66, though the main rationale behind this extraction

would be removal of toxicity. With an understanding of the extraction of base

metals from sewage sludge, a process could be further derived for the extraction

of precious metals, which would further exasperate the economic potential of the

process.

Through various influent sources, precious metals can find their way into

sewage systems. Gold and silver, for example find their way into sewage sludge

in Switzerland (up to 40mg L−1) [33]; while the largest source of platinum group

metals remains catalytic converts in the exhaust systems from cars. This latter

metal influent has been the source of much recent interest in local roadside dust

of the streets surrounding Sheffield [43]. The concentration of these more valuable

metals (also calculated from Vriens et al. [33]) is included in Table 8.1.
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Table 1.2: Values of specified base and rare earth metals attainable from
sewage sludge.

Metal Value (£.t−1) Sludge (£.t sludge−1) Reference

Cadmium 30539 0.24 [40]

Cerium 3139 2.68 [40]

Cobalt 25780 1.11 [41]

Copper 5190 0.30 [41]

Lead 1370 0.17 [41]

Neodinium 49091 1.01 [40]

Titanium 3696 0.86 [42]

Zinc 1860 0.29 [41]

Table 1.3: Values of specified precious metals attainable from sewage sludge.

Metal Value Sludge (£.t sludge−1) Reference

Gold £1923.4.t oz−1 123.80 [41]

Paladium £1876.49.t oz−1 59.49 [41]

Platinum £681.45.t oz−1 48.20 [41]

Rhodium £10703.00.lb−1 237.09 [42]

Ruthenium £215.60.lb−1 1.94 [40]

Silver £19.32.t oz−1 65.23 [41]

The value generated by the precious metals overshadows the potential value

of the more hazardous base metals by an order of magnitude, despite their small

concentrations. Despite this value, the more pressing issue is the removal of toxic

metals such as copper, lead and zinc, which plague the sewage sludge within the

UK (especially within the incinerated sludge [44]), and are the most limiting factor

towards its unrestricted use as a nutrient source [35]. Framed in another light, many

metals (including copper and zinc) could be seen as beneficial to remain within

sewage sludge; provided the concentrations of such metals are strictly managed

and monitored.

As alluded to earlier, many of the base metals within sewage sludge, while

not necessarily displaying inherent value, hold great value with regards to
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soil micro-nutrients (copper, iron, manganese, molybdenum, selenium and

zinc are all micro-nutrients found within sewage sludge). While the levels of

copper, molybdenum and zinc can all be directly related to efficiency of crop

growth, deficiencies in other nutrients, such as selenium, have more of an

effect on population and livestock health [45,46]. According to The Advanced

Soil Geochemical Atlas of England and Wales [47], concentrations of copper,

molybdenum, selenium and zinc are deficient across the entirety of the UK.

The abundance of many of these elements within sewage sludge could definitely

allow for the amendment of soils without the requirements for supplementation by

secondary micro-nutrient fertilisers. This, however, requires constant and strict

control of additions, as the soil concentration display narrow optimum ranges for

crop growth and toxicity [45,47].

Understanding the benefits and pitfalls of using sewage sludge to amend

nutrient imbalances within soils, it becomes even clearer that utilising this

sustainable source of phosphate could benefit agriculture in many ways as both

a cheaper source of phosphate and a cheaper sources of micro-nutrients. This

is then compounded by the value proposition of the inherent value of metals that

are contained within sewage sludge. It is therefore imperative that this body of

work focus on the removal of metals from sewage sludge, not just for the value

sentiment, but also for the sustainability sentiment. As copper, lead and zinc

are continually highlighted [35,44] as problematic metals, these will be the main

focus of this extraction research, but with a proof of concept process, there is

the possibility for it to be extended into precious metals in the future.

1.4 Removal of Metals from Sewage Sludge

Regardless of speciation, metals are contained predominantly within the solid

phase of sewage sludge. This poses great difficulties with regards to the

separation of metals from the sewage sludge, as you cannot physically separate
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the intertwined solid-liquid mixture, and filtration of sewage sludge poses great

difficulties. With regards to this, there have been multiple attempts at the removal

of metals from sewage sludge, many of which have displayed, at least, laboratory

level success.

In many instances, dissolved metals are removed prior to waste water

treatment; this is the most efficient method for heavy metal removal as

no processing is necessary. Extraction technologies such as membrane

filtration [31,48] and ion exchange and adsorption [14,31] are used in initial stages of

waste water treatment in order to completely remove heavy metals from the entire

treatment process when concentrations are exceptionally high. This upstream

processing, however would firstly require implementation of new infrastructure

to well-founded technology, and secondly it would not account for the removal

of metals that have already been associated with less mobile or solid phases;

downstream processing of the waste would mitigate both of these issues.

Many metals within sludge can be associated with organic humic acid

complexes or exchangeable forms [35]; removal of these metals from sludge can

be conducted through addition of an exchanging media. Similarly to wastewater

treatment, solid-phase extractants [49,50] and ionic liquids [51] have been used

for the removal of metals from sewage sludge with limited success. Sludge

has further been treated by subcritical water extraction [52,53] and electrokinetic

remediation techniques [54–58]; the latter arriving at the most success.

Electrokinetic remediation involves passing a current through a medium (in

this case sludge) between electrodes, forcing the migration of charged species

towards their respective electrode, with the benefit of removal of all charged

species, both cationic and anionic [57]. Depending on the speciation of metals

within the sewage sludge, this method can be extremely effective, removing more

than 50% of metals from anaerobically digested sludge in a study by Elicker
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et al. [58], with only the addition of sodium chloride as an electrolyte. However,

similarly to ion exchange, this method requires the metallic fraction to favour

exchangeable species, and is often required to be combined with mobilisation

methods such as leaching [54–56].

With the increasing popularity of the incineration [17] it seems fitting that this has

seen research interest, as it not only deals with total mass of sludge, but is also

the most thorough method for the removal of the biological hazards associated

with sludge; this process removes the entire organic fraction, leaving behind

not only the phosphate species, but also immobilised metals. Developments

towards removal of metals from sludge have determined that with the addition

of chlorinating agents (such as MgCl2 or CaCl2) to sludge prior to incineration can

allow for the volatilisation of metals as well as an increase in the bioavailablility of

the phosphate within the ash [59,60]. This process is extremely effective, however

it does not allow for direct recovery of metallic species and allows for volatile

metallic species to be released into the atmosphere [60], which is counter to the

requirements of recovering metals for an income supplementation. Thus far, the

most successful research towards the recovery of metals from sewage sludge

comes in the form of bioleaching [61–65] and chemical leaching [66–72].

1.4.1 Chemical and Bioleaching

The most commonly studied method for removing heavy metals from sewage

sludge is the hydrometallurgical process of leaching. Leaching involves the

dissolution of metallic species by addition of a leaching agent (usually an acid,

a base or chelating agent) or through bacterial metabolism of iron or sulphur

compounds in order to reduce solution pH. Removal of metals from sewage

sludge has been stated to be possible by a combination of high acidity, oxidising

environments and the presence of a complexing agent [36].
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Both chemical and bioleaching have seen success with solubilisation of metals

from raw and stabilised sewage sludge and are both industrially viable processes.

The majority of the sewage sludge leaching studies have been those that utilise

bioleaching of metals [61–68,72,72–75], due to the native abundance of bacteria

(specifically thiobacillus) within sewage sludge [61–68,73]. With removals from the

immobile phase of >90% for cadmium, copper, manganese and zinc, with 54% of

chromium, 79% of nickel and 46% of lead it can be seen why so much emphasis

has been placed upon this research, with the only downside being time scales of

5 d to 16 d [73].

While less abundant, studies also show that strong mineral acids [63,70,76,77] are

promising lixiviants, which is unsurprising due to the common-place application of

these chemicals within industry. Mineral acids (nitric, hydrochloric and sulphuric

acid) have displayed effective extraction of cadmium (59%), chromium (27%),

copper (41%), manganese (83%), nickel (68%), lead (22%) and zinc (66%)

under ambient conditions and a pH of just 1.5. While these values relate

to a 24h leaching period, improved rates and extraction were achieved using

elevated temperatures and acidities. Even phosphoric acid can be utilised

as an extremely effective lixiviant (in high concentrations; >40%), with >90%

extraction of arsenic, cadmium, chromium, copper and lead and >80% extraction

of mercury, manganese, nickel and zinc; this process was developed with an

inbuilt reconditioning phase as with the right conditions, 100% of this phosphoric

acid was recovered in a small lab-scale experiment [70].

As an alternative to strong acids, complexing agents, such as EDTA, have

achieved extractions of 20-50% for copper, lead and zinc after 1 h with a

concentration of only 0.05mol L−1 and no pH adjustment [78]. A combination of

acidic conditions and complexation for the extraction of metals turns the attention

of this work towards weak organic acids; the buffering capacity and complexing

ability of these acids has proved promising within the field of leaching heavy
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metals from sewage sludge [69,71,78,79], capable of out performing strong acids at

higher pH values [80]. Beginning with acetic acid, small success has been seen at

relatively high pH values, with high removals of zinc, and the potential removal of

copper and lead [78,81]. More promising, citric acid was capable of removing >50,

60 and 50% of copper, zinc and lead, respectively in a single stage, with lead and

zinc removal reaching 100% when a higher pH was used (pH 3) [78,80,81]. Another

acid to mention is oxalic acid, and while capable of removing 30, 40, 40 and 30%

of nickel, copper, zinc and chromium after 1 h at pH 2 [80], with higher extractions of

copper and zinc possible with longer resonance times [81], lead oxalate is sparingly

soluble in water and will therefore be ineffective.

The last to be mentioned, and perhaps most successful method for metals

extraction from sewage sludge, is the usage of strong oxidising agents; for

example, usage of the Fenton reagent (the addition of both iron(II) and H2O2)

commonly used for the oxidation of waste waters [72,75,82,83]. This method has

achieved removals of 92, 100 and 80% of zinc, lead and copper [82], further

cementing the potential for oxidants to increase extractability of heavy metals, was

a study by Marchioretto (2003) [36]. Within this study, simple aeration, inclusive of

high acidities, resulted in almost complete removal of copper, lead and zinc from

sewage sludge (94, 100 and 100%) after 2 days. The combination of oxidative

conditions and complexing lixiviants create the potential for a highly effective

metals recovery process.

The success of this work gives a promising outlook for the removal of heavy

metals from sewage sludge. With a carefully thought out process for dissolution

of immobilised metals, there lies the possibility for not only complete removal of

toxic metals from the solid phase, there is also the ability to separate metals from

the complicated waste stream, creating a valuable by-product. Here lies the hole

in current research, while there has been success within the area of mobilisation,

there has been little work done on this recovery of metals from the pregnant
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leach solution (PLS) generated from the leaching process. The current state-

of-art within this field is a solid-liquid separation before the filtered sludge is pH

adjusted precipitating the remainder of the metals within this sludge residue [36,84].

This separation, however, comes with drawbacks; sludge contains many types of

bound waters due to the porous and biological nature of the materials (free water,

interstitial water, surface water and intracellular water, visually depicted within

Figure 1.6), making the complete separation difficult. The quantity of water can

be up to a total of 80% of the total dewatered sludge mass [14], leading to a high

moisture content in the final residue and therefore a final remaining quantity of

mobile metals post separation stage; with a pH increase these metals will remain

in more mobile fractions than they were before the leaching stage, negating the

process as a whole.

Figure 1.6: Graphical schematic of free water, interstitial water, surface water
and intracellular water of sludge material [85].

While the leaching of metals displays a lot of promise with regards to

mobilisation and dissolution of metals from sewage sludge, the solid-liquid

separation stage poses a problem. Ion exchange is often used in conjunction with

other hydrometallurgical processes (such as leaching) in order to extract metals

from a solid phase that contains low concentration of metals or complex organic

media [86]. This combination of processes could allow for the complete, or near
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complete, removal of metals from sewage sludge, therefore will form the basis of

this study into metals removal and recovery from sewage sludge.

1.5 Acid Leached Sludge and Ion Exchange

The rationale behind inclusion of ion exchange within this extractive process is

simple; after the leaching stage, extraction of preferential metallic species can

be conducted through either controlled precipitation, solvent extraction or ion

exchange. Controlled precipitation is not an option due to the high concentration

of dissolved organic matter within sludge liquid phase and solvent extraction will

be ineffective at such low metal concentrations through difficulties that the low

quantity of organic fraction that will be required. Due to the ability to use ion

exchange resins with an infinitesimally small solid-to-liquid ratio, ion exchange

quickly becomes the most beneficial for this extraction process.

The low concentration of metals within sewage sludge, however, still poses

issues with regards to extraction, especially when considering the large

concentration of organic matter; in-situ extraction processes such as reins-in-

leach (RIL) and resin-in-pulp (RIP) have been used to mitigate this issue [86–92].

RIL and RIP are relatively new technologies and currently employed for previously

inefficient process such as scavenging cobalt/nickel from tailings [87,88], extraction

of uranium from low grade ores [89–91] and gold recovery from carbonaceous

materials [86,92]. While the solid fractions in these systems are vastly different to

sewage sludge, they all possess similar qualities such as low concentrations [89,90]

and solid sorbent species [86]. Hence, the direct relevance to extraction of heavy

metals from sewage sludge.

RIL or RIP processes combine the leaching process parallel with solid phase

extraction [91], the useful nature of which spans beyond the negation of an intricate

filtration process. Leaching within media which contains a large abundance
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of potentially adsorbent solid particulates, such as sewage sludge [93], may

create an issue known as preg-robbing, where dissolved metallic species are

simultaneously adsorbed to the surface of solid particles within the slurry; while

the metallic species are then in mobile forms, the adsorbed species are removed

from the PLS once filtration occurs [86]. In this instance, however, there will not

only be a competition between solution and particulate surface, there will also be

a competition between precipitation equilibria as well, therefore the term preg-

robbing will be a blanket term used to refer to all processes that take from the

leachate (described in Scheme 4).

Scheme 4

The theory behind both RIL and RIL technology is that, in many instances,

adsorption to the surface of a resin (Scheme 5) outweighs precipitation. When

this is the case (and therefore Keq >>Ksp) preg-robbing has a much lower effect

on the total extraction efficiency of the process. This not only allows for extraction

when preg-robbing processes are involved, but it also allows for the removal of

metals from low grade sources [87,88] prior to filtration where a large concentration

of metals may remain in the water entrained in the filter cake.

Scheme 5

While both RIL and RIP processes involve the application of an ion exchange

resin to a leaching slurry, the executions and use cases differ. In a RIP process,

ion-exchange resin is added to the leach slurry directly (Figure 1.8), while in RIL

processes the slurry is filtered prior to contact to the resin (Figure 1.7). There

are advantages and disadvantages to each of these processes specifically in
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relation to solids content of the slurry, biological activity of the slurry and leaching

conditions.

A RIL process parallels leaching and adsorption of a metallic species; in this

case unfiltered PLS slurry is pulled through a screening filter prior to contact with a

resin prior to being re-introduced into the leaching vessel, depicted in Figure 1.7.

This bypasses issues that may be observed with direct contact between slurry

and resin; such as biological growth, pore blinding and erosion of the polymeric

resin. The difficulty with filtering sludge, however, is the tendency for blinding

within the filtration process [14,94]; the addition of fly-ash [95,96] or use of sand filters

or a screening stage [14] could reduce resistance of the leaching slurry to filtration

and reduce biological contamination [97,98].

Figure 1.7: Diagram of a RIL impeller agitated multistage process.

While, with the addition of filter aids, a RIL process could be rendered possible,

the addition fly-ash [99] or flocculants [100], and the difficulty of filtration without

these aids, creates the potential of preg-robbing of metals from the PLS prior

to contact with the resin; this reliance on filtration poses a serious issue with

the RIL process. A RIP process mitigates this issue (along with the difficulties

in filtration as a whole) by the direct addition of resin beads to the leachate
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slurry; leading to a direct competition of adsorption processes with preg-robbing

processes, and negating the filtration stage entirely [89](Figure 1.8). By using a

resin with a higher particle size than the sludge, the resin beads can simply be

sieved from the slurry, leading to a relatively simplistic sieving stage; low particle

size of sewage sludge pre-dewatering stage being majority <0.01mm [101] leaves

the option for many commercially available ion exchange resins, as well as novel

ion exchange materials. RIP can also allow for the separation of leaching and

adsorption processes, creating the possibility for a temperature, pH or and ORP

difference between adsorption and leaching stage [102].

Figure 1.8: Diagram of a RIP impeller agitated multistage process.

1.5.1 Lixiviants

Leaching is the process of dissolution of metals from an immobile or solid

phase into a mobile or aqueous ionic phase by way of a solvent or leaching

agent (lixiviant) [103]; a naturally occurring process (hence the dangers of immobile

metals in agricultural soils) and one that can be kinetically enhanced by the

addition of lixiviants [103]. Typically speaking, and as alluded to within Section

1.4.1, strong mineral acids are most commonly used as lixiviants (HCl, H2SO4,

HNO3, etc.), especially sulphuric acid due to the low cost and ease of use.

With respect to the complexity of sewage sludge, utilising lixiviants to manipulate

a factor such as pH, ORP and/or ionic strength (even by addition of a strong

complexant) immobile metals can be dissolved into solution and stabilised within

solution [103].



22 CHAPTER 1. INTRODUCTION

The relation ship of ORP, pH and solubility of a metal in solution is displayed

within Figure 1.9, without the addition of a complexing agent. This displays a

predominance diagram for iron, it describes how the speciation of iron changes

as a function of both pH and ORP, between iron(II), iron(III) and the subsequent

hydrolysis products and precipitation of minerals. Many of the species within

within Figure 1.9 are insoluble, however with the addition of acids, bases,

reductants or oxidants, solution conditions can be modified in order to maximise

the concentration of soluble species.

Figure 1.9: Eh-pH diagram of iron calculated by HYDRA/MEDUSA [104].

With the complexity of sewage sludge, dissolution and precipitation of species

in detrimental manners are inevitable; for example iron is very likely to remain in

solution in concentrations higher than that of target species and lead is likely to

precipitate as lead sulphate (with the oxidation of sulphide species). Complexing

agents can be used in such a way that allows for the tailoring of solution

pH to precipitate contaminant species and stabilise target species through the

adjustment of pH in a deliberate manner; this has led to the previously discussed

success of acetic and citric acid leaches within sewage sludge. This complexation
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is dependent on the equilibrium between the concentration of metallic species and

the corresponding complexing ligand.

The reaction depicted within Schematic 6 is a simplified version of a

complexation process; in this situation, H is a proton, M is the metal within

the centre of the complex and L is the complexing ligand. With a greater

concentration of ligand, and therefore a greater concentration of the ligand bound

metallic species, there is a tendency towards the greater formation of higher order

complexing species. While ligands can be added to solution as compound, there

is also an equilibrium that is formed between the binding ligand and its counter

ion. The case presented in Scheme 6 is related to a weak acid and therefore

the counter ion is a proton. With an increase in proton concentration (a decrease

in pH) there is a decrease in concentration of available ligand, and decreasing

the proton concentration leads to an increase in ligand concentration; further

leading to either more or less competition between metallic species and ligand

complexes, respectively.

Scheme 6

Utilising an equilibrium such as this, there is the possibility for stabilisation

of metals within solution. Many weak organic acids are capable of behaving
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as compelxing agents as well as acids, effectively taking on two roles. With a

lower pH there is low binding competition by Fe2+ over protons for the acetate

anion acetate, as the pH increases, Fe2+ becomes more competitive for acetate

binding (ka1 vs kL1 in Scheme 6). Once the propensity for formation of hydrolysis

products out-competes the stability of acetate complexes, however, precipitation

of iron hydrolysis products is again observed. Comparing this information to the

predominance diagrams in Figures 1.9 (no complexing acid) and 1.10a (acetic

acid present), it can begin to be observed how the competition between hydrolysis

products and complex species leads to an increased solubility of metallic species.

As previously alluded to, the high concentrations of ions, such as iron, will make

extraction of the relatively low concentrations of copper, lead and zinc extremely

difficult; and weak acids can rectify this. An example can be observed with the

case of the iron predominance diagram vs the lead diagram (Figure 1.10). Within

this system, pH and ORP can be controlled in order to allow for a predominantly

soluble species for lead, therefore rendering this species extractable within the

RIP process, while simultaneously precipitating iron hydrolysis products.

(a) (b)

Figure 1.10: The predominance diagrams of iron (a) and lead (b) in the presence
of both sulphate and acetate, calculated by HYDRA/MEDUSA [104].

As weak acid leaching is currently used within research towards resource

recovery, being explored in metals removals from sludge and recovery from waste
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electrical and electronic equipment [105], this field is becoming a more heavily

studied area. Processes such as this show a lot of promise for less profit

driven and more environmentally sensitive use cases, as the acids are generally

capable of leaching at higher pH [80]. The extraction of metals from this media,

however, is very understudied; due to the complexing nature of weak organic

acids leading to stabilisation of metals within solution, there can be competition

between extraction by ion exchange resin and stabilisation in solution phase

complexes. Therefore, with reference to the hypothesised RIP process, there

is a great deal of importance placed on understanding the extraction efficiency

and mechanisms of ion exchange resins within complexing weak acid media.

1.5.2 Ion Exchange

Ion exchange extraction is a phenomenon occurring within a solution of

dissolved ions where a reversible exchange of ionic groups occurs between what

is in solution and an insoluble solid phase [106], in this case an ion exchange resin.

While ion exchange media can be found in many different forms, from minerals

(zeolites, clays, etc.) or functional biological material (e.g. activated charcoal,

functionalised loofahs, etc.), this thesis will have a distinct focus on synthetic ion

exchange resins (cross-linked porous polymers functionalised with ion exchange

or chelating groups). Generally, the interaction of the ion exchange functional

group and the ion of interest can be explained with the following, simplified

scheme:

Scheme 7

In this example of a cation exchange reaction, R- is the ion exchange

functionality which is bound to a porous backbone (cross-linked polymer) of the

solid resin, M+ is the cationic species of interest in solution and H+ is a proton,
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of course the charges of species can be reversed, which would constitute an

anion exchange reaction. Being an equilibrium, the extraction of the species of

interest (M+) can be controlled by the concentration of either protons (H+ species)

or hydroxyl species (OH−), and therefore there is a large reliance of adsorption

on the solution pH. With the assumption that these adsorption processes are

reversible, there is also the potential to utilise this equilibrium for recovery of the

adsorbed species or regeneration of the ion exchange resin through a process

known as elution.

The operational pH or the effectiveness of a functionality for a specific metal

depends upon the selectivity of that functionality for the target species. A

measure of the selectivity can be reported as a separation factor, which display

the selectivity of a functionality for one species over another. Separation factors

(αAB) can be calcualted by:

αAB =
x̄AxB
x̄BxA

(1.1)

Where x̄A and x̄B are the concentration of species A and B, respectively,

adsorbed to the resin, while xA and xB are the concentration of species remaining

in solution [107]. By inclusion of charge into the equation, we arrive at Equation 1.2.

KA
B =

x̄
|zB |
A x

|zA|
B

x̄
|zA|
B x

|zB |
A

(1.2)

Selectivity constants can be descriptive of processes involving molality,

molarity or equivalent ionic fractions both in solution or on the resin surface

(KA
B , K‘AB or NKA

B , respectively); with equivalent charges however, each factor

can be collapsed into separation factors ((αAB)|zA|) [107]. Separation factors and

selectivity factors for metallic species can be tailored to process specific species

by exchanging the functionality of the resin [106]. The most common, commercially

available ion exchange functionalities are depicted within Figure 1.11.



1.5. ACID LEACHED SLUDGE AND ION EXCHANGE 27

Broadly speaking, functional groups can be separated into five categories,

these being strongly and weakly acidic, strongly and weakly basic and chelating

functional groups. Strong acid cation exchange (SA) functionalities (the sulphonic

acid functionality, Figure 1.11 A), are characterised by their effectiveness within

extremely low pH regions and low selectivity; strongly basic anion exchange

(SB) functionalities (quaternary amine functionalities, Figure 1.11 C1-3) can be

conceptualised as the the pOH equivalent to SA functionalities. Weak acid (WA)

(carboxylic acid functionality, Figure 1.11 B) and weak base (WB) funcitonalised

resins (tertiary/secondary amines, Figure 1.11 D1-3) are more selective due to

their higher affinities for their respective counter-ions.

Chelating functional groups (Figure 1.11 E1-F4) as the name suggests, form

chelates with the adsorbent ions, allowing for a more selective extraction. These

functional groups are not necessarily a separate group of functional groups as

they often incorporate either WA or WB functionalities. The incorporation of

multiple properties with the ability to combine multiple functionalities (sulphonic +

phosphonic acid combination functionality, Figure 1.11 F1) gives a large flexibility

with regards to not only selectivity of a resin functionality, but also the adsorption

mechanisms and to a small extent kinetics.

As copper, lead and zinc were found, generally, to be the most common

limiting factors towards sludge application [34,35,44], these will be the focus metals.

Briefly, thiol/sulphur containing groups groups [108,109], weak acid (carboxylic acid)

grouips [109] and phosphorus groups [110] have shown promise as extractants of

these metals. The most efficient functional groups to extract all focus metals

(Pb(II), Cu(II) and Zn(II)) in a single step would potentially be complexing, nitrogen

containing functional groups [109,111], specifically an amidoxime or modified

amidoxime functional group [112,113] (Figure 1.11 - F4), especially at a pH above

the pKa of the functionality [114]. As well as the amidoxime functionality, other

potential chelating functional groups to screen would include that of iminodiacetic
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acid (IDA) functional groups (Figure 1.11 - F3) and that of other bis-picolylamine

complexing groups (Figure 1.11 - E1).

IDA and bis-picolylamine functionalities (Figure 1.11 - F3 and E1, respectively)

are highly selective towards copper [106,115], however at a pH<2, IDA groups

decrease in their effective adsorption. Bis-picolylamine functionalities maintain

the high affinity at low pH, with many commercial processes using the bis-

picolylamine functionalities [112,115]. Both IDA and bis-picolylamine functionalities

display a high affinity towards zinc as well, although not to the same

extent [115]. From solutions above pH 4, commercially available aminophosphonic

functionalised resins (Figure 1.11 - F2) show high selectivities towards zinc [112].

While both the IDA and aminophosphonic functionalised resins display affinities

for lead in solution, research toward lead extraction has been predominantly

focused towards phosphorous containing groups [110,112].
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Figure 1.11: General resin functionalities. A = strong acid cation exchange
(SAC) (sulphonic acid), B = weak acid cation exchange (WAC) (carboxylic acid),
C1 = strong base anion exchange (SBA) type I (quaternary amine), C2 = SBA
type II (quaternary amine dimethylethanolamine), C3 = SBA type III (unknown),
D1 = weak base anion exchange (WBA) (tertiary amine), D2 = WBA (secondary
amine), D3 = WBA (primary amine), E1 = weak base chelating (WBC) (bis-
picolylamine), E2 = WBC (bis-(aminomethyl)acetamide), E3 = WBC (thiourea),
F1 = strong acid/chelating ion exchange (CI) (phosphonic/sulfonic acid), F2 = CI
(aminophosphonic acid), F3 = CI (iminodiacetic acid), F4 = CI (amidoxime)

While the functionality can contribute to the kinetics of ion exchange, the largest

contributor to the kinetics of adsorption, is diffusion. Polymeric ion exchange
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resin beads are porous, by nature, however the pore size (iso-, micro- or macro-

porous, order of increasing size) can alter the diffusion kinetics of the adsorption

process. To explain this process, Figure 1.12 is a visual representation of the

kinetic limitations of ion exchange adsorption.

The limitation described by process A is known as film diffusion, where the

kinetics of an adsorption process is dictated by a stagnant film layer of solution

surrounding the resin’s surface, creating a gradient different preventing contact

to the functionality. The process B, pore or intra-particulate diffusion, is most

common within iso- or micro-porous, dictated by a concentration gradient forming

within the pore structure of the resin; easily mitigated by larger pore sizes and

higher solution agitation. The final process for discussion will be the limitation

by ion exchange between solution and ion exchange functionality, described

by process C. This final process will not necessarily dictate the kinetics of the

reaction, as it is often faster than diffusion kinetics, however nuances of this

process can divulge information about affinities of functionalities for metals.

Figure 1.12: Diagram for a simplified explanation of A - film diffusion dictated
kinetics, B - pore/intra-particulate diffusion dictated kinetics and C - chemically
dictated kinetics [106].
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There have been many studies on the functionalities within Figure 1.11 [112],

but there is little emphasis on the effect co-ions have on sorption capacities.

The solution-phase speciation of the target ions can play a big role in multiple

factors in the binding of species to a resin’s surface. Depending on the complex

formed, the change in the formal charge of the total species can be either

deleterious or beneficial for adsorption to a specific metal causing an effect on the

binding strength or mechanism between resin functionality and ionic species [106].

Therefore a characterisation of each resin is also required within the solutions in

high complexant concentration.

In the case of weak acids the ion exchange equilibrium becomes a little more

complicated than depicted within Scheme 7, as it also combines the equilibria

outlined in Scheme 6. The extraction of the ionic species is no longer reliant

on purely the competition between H+/OH− and the ionic species of interest,

now there is also a competition between the stability of the complexes formed

in solution and on the resin surface to be considered as well, with combinations

of complexes and the species bound to the functionalities being involved [116,117].

These complexes can aid extraction, they can stabilise the ion in solution or they

can have no effect.

Complexing species within solution can, and do, have a remarked effect on

the efficiency, selectivity and overall useful nature of an ion exchange resin

or functionality [118]. While typical ion exchange functional groups display high

affinities towards all target metals [112], the effect that the inclusion of a complexing

buffer and subsequent alteration of speciation can have on extraction of metals

has had little literature interest. The primary focus on this thesis will therefore be

in gaining an understanding of the overall effect of speciation on the extraction of

base metals, and the subsequent effects this can display on resin performance

and whether or not this can aid in the removal of copper, lead and zinc from

sewage sludge.



32 CHAPTER 1. INTRODUCTION

1.6 Hypotheses

Closing the phosphorous cycle by using sewage sludge as a fertilizer is a

sensible option for addressing food security. Extraction of heavy metals present

in sewage sludge could aid in the unrestricted use of sewage sludge as a fertilizer

and potentially generate profit from the recovered metals. The overarching

hypothesis to this body of work is that “utilisation of weak, complexing acids within

a resin-in-pulp process could provide a method of separation and removal of

metals from sewage sludge allowing for the recovery of nutrients and metals from

this waste stream, overcoming deleterious effects of precipitation and hydrolysis

of heavy metals as well as issues with oversaturation of the resin by contaminant

ions.” With the success of metals leaching from sewage sludge, solid liquid

separation stages are the current state-of-art. Inclusion of an ion exchange resin

within the leachate slurry could allow for a more complete removal of metals.

For this to be conducted, there are gaps within the literature that need to be

addressed, those that will be addressed are as follows:

• A deficiency in the characterisation of the effect complex formation poses

on ion exchange phenomena

– This will be addressed through a screening study of resin functionalities

within acetic, lactic and citric acid, inclusive of a discussion on the effect

of solution phase speciation on extraction efficiency

• A lack of in-depth analysis by specific adsorption models and the

mechanistic effect that weak acids can have on the adsorption of copper,

iron(II), lead and zinc

– A study on the mechanism of binding between literature sources of

strong acid extraction with experimental data of extraction from weak

acid media will be reported on single metal systems

– Kinetic experiments will be conducted on unsaturated multi-metal
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systems in order to determine operational parameters intended for the

contact stage of the proposed RIP process

• An understanding of the effect multi-metal systems and competition pose

on resin performance is lacking

– A multi-metal isotherm model that predicts a specific system’s

propensity to desorb a particular species upon saturation of a species

with more affinity towards the functionality will been proposed and

proved against two systems

• The feasibility of a resin-in-pulp system for the extraction of metals from

sewage sludge has not been previously tested.

– A simulated process will be reported utilising acidic and oxidising

conditions with a weak acid lixiviant for the extraction of copper, lead

and zinc from the simulant sewage sludge. The performance of this

system will be compared against the best case solid-liquid separation

post-leach that has been previously reported within literature sources.

1.7 Thesis Structure

This thesis is presented in the alternative thesis structure, sectioned as follows:

• Chapter 2: General Methods and Instrumentation

This chapter brings a brief explanation of the experimental methods used

throughout the thesis and an explanation of the analysis techniques.

• Chapter 3: Resin and weak acid screening

– Section 3.1: Resin Screening in Citric Acid Media

This chapter presents a modified version of the paper “Extraction

of Heavy Metals from Simulant Citrate Leachate of Sewage Sludge

by Ion Exchange” that has been published by the Journal of Ion
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Exchange on:20/09/2018. This paper describes the findings of a

screening study on the performance of commercially available resins

on copper, iron(II), lead and zinc extraction from citric acid media (DOI:

doi.org/10.5182/jaie.29.53).

– Section 3.2: Resin Screening in Weak Acid Media

This chapter presents a modified version of the paper “Ion Exchange

Removal of Cu(II), Fe(II), Pb(II) and Zn(II) from Acid Extracted Sewage

Sludge - Resin Screening in Weak Acid Media” that has been published

by Water Research on: 20/04/2019. The work in this paper builds

upon section 3.1 by a comparison of the citric acid system with both

the acetic acid and lactic acid systems, inclusive of thermodynamic

solution-phase modelling (DOI: doi.org/10.1016/j.watres.2019.04.042).

• Chapter 4: Single Metal Isotherm Studies

This chapter presents a modified version of the paper “Single metal

isotherm study of the ion exchange removal of Cu(II), Fe(II), Pb(II) and Zn(II)

from synthetic acetic acid leachate”, has been published by the Chemical

Engineering Journal on: 21/03/2020. This work further builds upon section

3.2 by producing an in-depth study on the extraction mechanism and

capacity of copper, iron(II), lead and zinc from acetic acid media at pH 4.5

(DOI: 10.1016/j.cej.2020.124862).

• Chapter 5: Mutli-Metal Studies

This chapter presents a modified manuscript, intended for submission to

the journal of Chemical and Engineering Data, reporting the findings of a

mixed-metal isotherm and kinetics study of the extraction of copper, iron(II),

lead and zinc from acetic acid media at pH 4.5 the same ion exchange

resins from chapter 4. This study builds upon chapter 4 by furthering

the understanding of how complexing acids may affect extraction kinetics

and attempts to produce a rudimentary isotherm model to describe the
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desorption processes observed with competition between metals; allowing

for the determination of the initial operational parameters for conducting the

bench-scale RIP process.

• Chapter 6: Simulated Acetate RIP Process

This chapter builds upon chapter 5 by presenting the final product of the

acetic acid study. A simulated sewage sludge is developed from a literature

source and rheologically characterised. Utilising using a low pH acetic acid

leach within oxidative conditions, a RIP process is proposed and attempted.

• Chapter 7: Citric Acid Adsorption System

This chapter presents a modified manuscript, intended for submission to

the Chemical Engineering Journal, reporting the findings of a mixed-metal

isotherm and kinetics study of the extraction of copper, iron(II), lead and

zinc from citric acid media by an IDA functionalised resin. This study builds

upon chapter 3 by generating a mechanistic understanding of the extraction

of these four metals from citric acid media.

• Conclusive Remarks and Future Work

This chapter summaries the findings of the thesis and responds to the initial

hypotheses with a perspective on why research in this area is important

to the global population. A discussion is included on the questions and

possibilities of future work that has arisen upon the completion of this

project. The future work has been separated into two distinct sections: the

information and work required in order to further the technical readiness

level of the RIP separation process; and questions that have arisen that

would contribute to the fundamental understanding of ion exchange within

compexing weak acid media.
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Chapter 2

General Methods and

Instrumentation

2.1 Materials

Materials will vary from chapter to chapter dependent on the experiment that

is conducted, materials specific to a chapter will be included in the experimental

section of that chapter. Generally speaking, sodium hydroxide, sodium chloride,

nitric acid and sulphuric acid have been utilised throughout the entire thesis and

have been purchased from Sigma Aldrich. Nitric acid (70%) was purchased as

99.999% trace metal free as it was the dilution medium for analysis, sulphuric acid

(95-97%) was purchased as analytical grade, sodium chloride was purchased

as an anhydrous powder and sodium hydroxide was purchased as anhydrous

pellets.

2.2 Equipment

This section will list the equipment crucial to investigations throughout this

thesis, as well as relevant information of each apparatus. Equipment from this

list will be referred to within the specific experimental section of each chapter.

37
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• Orbital shaker

The orbital shaker used for all static contact experiments within this thesis is

an Incu-Shake MIDI Benchtop Shaking Incubator. This was set to 250 RPM

and temperature controlled at 20 ◦C for each experiment, unless otherwise

stated.

• Overhead stirrer

Agitation of leach slurries was conducted using a Stuart SS20 overhead

stirrer with a four blade propeller impeller. The speed of the stirrer was

maintained at between 250-500 RPM, unless otherwise stated.

• Peristaltic Pump

Clean PLS was pumped through packed ion exchange columns using a

Watson Marlow 120U peristaltic pump. The flowrate of the solution through

the packed column was calculated by pumping distilled water through a

packed column for a specified amount of time before weighing the mass

of water collected.

• Fraction Collector

The fraction collector utilised within the column experiments was a Biorad

Model 2110 fraction collector. This fraction collector was fit with 10mL

fraction tubes for sample collection

• Centrifuge

Slurry samples were centrifuged using a VWR CompactStar CS4 centrifuge

fit with a 6×15mL angle rotor. All samples were centrifuged at 6500 RPM

(4000 ×g) for 10min.
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2.3 Ion Exchange Experimental Methods

2.3.1 Resin Measurement and Preconditioning

The resins that will be utilised throughout this body of work were either donated

by Purolite International Ltd. (MTS9100, MTS9570, MTS9301, MTS9570 and

C107E) or Lanxess Corporation (Lewatit Monoplus TP214). Ion exchange resin

volume was measured in units of mLwsr (millilitres of wet settled resin), which

is common practice within this field of science. Wet settled resin is measured

by transferring quantities of resin (suspended within solution) into a measuring

cylinder and allowing for the resin to settle upon force of gravity, this resin is then

transferred to a container for contact with the target solution. This this resin forms

the resin bed, and the volume of the resin bed is referred to as the bedvolume.

In order attain repeatable and reliable results, it is imperative that each resin

is in the same ‘form’, that is the functional groups of each resin are associated

with the same counter ion. This not only assures uniformity with regards to the

initial resin conditions for each individual resins, but also insures that any residual

materials from resin synthesis have been removed from the surface of the resin

prior to contact with the PLS or slurry. Preconditioning was undertaken by contact

of each resin with 10 bedvolumes of 1 M H2SO4 and contacted with constant

agitation at ambient temperatures (25◦C) with an orbital shaker for a time period of

24h. Post-contact, acid was decanted from the resin prior to 10 cycles of washing

with deionised water, or until the pH was neutralised (10 bedvolumes each wash)

to ensure residual acid was removed. Once preconditioned, resins were stored

under deionised water.

2.3.2 Column Ion Exchange Experiments

Throughout the industrial, commercial and domestic world, ion exchange

resins are most commonly utilised within a flow-through column approach [106].
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While, within a static experiment, contacts are brought to an equilibrium between

solution and resin, within a dynamic column experiment fresh solution is

continuously pumped through an ion exchange resin that is ‘packed’ within a

column. This forced contact with fresh PLS pushes the equilibrium, and therefore

the ion exchange capacity of the resin, beyond that which would normally be

observed within a reaction at equilibrium. In order to understand why many of the

decisions throughout this body of work were made, especially regarding the lack

of column experimentation, a brief discussion of column experiments (inclusive of

preliminary data) and their pitfalls regarding sludge will be described here.

There are two possibilities for a column experiment, there is the traditional

gravity fed (or downward flowing) column, which relies on either head-pressure

caused by gravity or a pump to force the PLS downward through the column,

however the lack of pressure caused by this directional flow can lead to

‘channelling’ within the column, where the PLS does not sufficiently contact all

resin beads packed within the column. The ‘reverse flow’ technique, where the

PLS is pumped counter to gravity, allows for the head pressure generated by

gravity itself to create a more even contact between resin and PLS, preventing this

channelling phenomena [106]. The column experiments will be conducted using the

reverse flow technique.

A selection of six ion exchange resins (Lewatit TP214, Purolite MTS9100,

Purolite MTS9570, Purolite MTS9301, Purolite MTS9501 and Purolite C107E)

were packed with a bedvolume (BV, the volume of a resin packed within the

column) of 2mLwsr (wet settled resin) within a 5mL ion exchange column, capped

with Teflon frits in order to maintain constant packing pressure on the resin beads.

Utilising a peristaltic pump synthetic, clean PLS was pumped through the column

and aliquots of raffinate (the liquid residual waste from an extractive process)

were collected for analysis in 10mL fraction tubes at predetermined time intervals

by a fraction collector.
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In these experiments synthetic, clean PLS was generated by dissolution of

CuCl2, FeCl2, Pb(NO3)2 and ZnCl2 (a concentration of 100ppm for each metal) into

a solution of 0.5M acetic acid and 0.5M sodium chloride. This solution was then

adjusted to pH 4.5 by addition of 50% NaOH, an optimal pH that was determined

within Bezzina et al. 2019 [119]. Each of the column experiments were conducted

at a flow rate of 2 BV/hr for a total of 48 hours. The breakthrough data obtained

for these preliminary experiments are included within Figure 2.1.

In a similar conclusion to study examining the acetic acid system [119], ion

exchange resins can be effectively utilised within this complexing media, despite

the stabilisation of metals by MAce species. This becomes especially true with

consideration to the column experiments, where nearly every resin is effective

for the extraction of metals (an observation of a later breakthrough dictates

a higher capacity) [106]; especially true for the late breakthroughs of TP214,

MTS9570, MTS9301 and MTS9501, which further accentuates their industrial

purposes [120–123]. Outliers from this, with regards to the specified target metals of

copper, lead and zinc (for removal), are similar to the resins decided upon within

Bezzina et al. 2019 [119] and Bezzina et al. 2020 [124], with MTS9301 displaying

high capacity for copper, lead and zinc, while also displaying a preference for

these metals over iron; TP214 displaying an extraordinary affinity for copper over

iron, lead and zinc, due to an apparent REDOX reaction; and, C107E, showing

an unexpected [112] affinity for lead over the other metals within solution.

The ion exchange results from the breakthrough approach to ion exchange

show promise for the utilisation as an extraction process for metals from a clean

PLS, results that fall in-line with the theory behind a column approach. Generally

speaking, in order to gain an understanding of the column performance of an ion

exchange resin, there are models that can be fit that detail parameters required

for scaling such a process up; and due to the commonplace nature within industry,

the scale-up of such a process is simplified by turn-key solutions available. The
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(a) (b)

(c) (d)

(e) (f)

Figure 2.1: Breakthrough data on the performance of a) TP214, b) MTS9100,
c) MTS9570, d) MTS9301, e) MTS9501 and f) C107E for the flow through
column extraction of copper, iron(II), lead and zinc (initial concentrations 100ppm;
temperature 20◦C; 0.5M NaCl; 0.5M acetic acid; 2ml bed volume; 2 BV/hr
flowrate).
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reality of dealing with a slurry system with ion exchange columns is that a RIL

process requires a prefiltration stage, prior to resin-solution contact. The flaws

with this initially hypothesised RIL process were swiftly discovered as the filtration

of, even a simulant sludge, was almost impossible even with 63µm sieves; it was

not until a pore size of >100µm that there was sufficient flow through a vacuum

filter.

Coupled with the difficult filtration of sludge, ion exchange columns are non-

beneficial with regards to direct contact with a slurry, as pumping a slurry through

a packed column (with severely limited flow rate due to the presence of resin

beads) is difficult, if not an impossibility; this would lead to low flow rates and poor

contact between resin beads and solution (slurry). One method of circumvention

of this is to pre-filter the slurry, however as stated - one, sewage sludge is

extremely difficult to filter due to organic, polymeric and colloidal material [14]

and, two, the addition of a filter aid, increases the chances of pregrobbing of

the leachate slurry [99,100]. As alluded to within Section 1.3, the answer to this

problem is the utilisation of a RIP system, rather than RIL system, described

within the introduction. As static analysis of the resin is more appropriate for

the development of a RIP process [88] this will be the approach taken throughout

the following research. Therefore, a more detailed discussion of the column

experiments, inclusive of model fitting, will not be undertaken.

2.3.3 Static Ion Exchange Contacts

While there were variations on the contact conditions for each experiment in

subsequent chapters, overacrhingly, the experiments conducted are referred to as

static experiments [106]. Static experiments involve the contact of a fixed volume of

wet settled resin with a fixed volume of solution either for a known period of time

or until equilibrium is observed. As with the preconditioning stage, each static

experiment was agitated on an orbital shaker throughout the contact to ensure
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complete dispersion of solution through the porous resin bead.

This technique will be used for the in-depth analysis of resin performance within

weak acid media throughout the entirety of this thesis, altering parameters to

understand their effect on adsorption and utilising this to calculate theoretical

operational parameters. Individual experimental sections will describe details

of each method, however, in brief: screening studies alter parameters such as

pH and ionic strength in order to determine optimal conditions for operation,

isotherm studies alter solution volume, resin volume or solution concentration

in order to determine thermodynamic, mechanistic and equilibrium details and

time dependent studies alter contact time in order to determine kinetic limitations,

reaction rates and further elucidate mechanistic details.

2.4 Solution Phase Speciation Modelling

Solution phase speciation was calculated by the HySS software suite [125]. This

modelling method requires the input of equilibrium constants of formation all

species hypothetically present within solution. Equilibrium constants (β or K

values) provide description of the strength of interaction of complexes in solutions,

and are calculated as per the following, where [M] is the metallic ion in question

and [L] is the complex forming ligand or anion. Stability constants of species can

be calculated using the formula:

K =
[MLn]

[M ][L]n
(2.1)

Where theoretical β values of intricate species can be calculated, when the

stepwise β values are known, by:

K1 =
[ML]

[M ][L]
(2.2)
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K2 =
[ML2]

[ML][L]
(2.3)

β2 = K1 ×K2 (2.4)

Many of these stability constants are reported within the literature or available

from the NIST Stability Constant database [126], with a comprehensive list

of hydrolysis products available within literature. Using the HySS software

the theoretical speciation within solution can be visualised as a function of

concentration of a specific species in solution. This can aid in the description

of extraction that is observed experimentally.

2.5 Analysis

2.5.1 Electrode Analysis

pH measurements were conducted using either a double junction gel pH probe

for slurry or a Ag/AgCl pH electrode for solutions. Both electrodes were calibrated

by linear regression analysis of millivolt measurement of buffers at pH 2, 4, 7 and

10. ORP measurements were conducted using a double junction platinum band

electrode probe. Readings were taken utilising either a Mettler Toledo FiveGo

hand held metre or a Fisher Scientific accumet AE150 bench-top metre.

2.5.2 Atomic Absorption Spectroscopy

The metals analysis throughout all of this work was conducted by atomic

absorption spectroscopy (AAS) using a Perkin Elmer Atomic Absorption

Spectrometer AAnalyst 400. This equipment was run with an air-acetylene flame,

and controlled using the WinLab32 software [127]. A simplistic schematic, outlining

the core components of a general AAS is displayed in Figure 2.2.
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Figure 2.2: A simplified schematic diagram of the major components an AAS,
utilised for the metals analysis throughout this thesis [127].

AAS analysis operates under the premise that the excitation of an analyte will

cause the absorbance of wavelength specific photons. Utilising this principle, the

hollow cathode lamp containing an alloy of the analyte metal will produce light of

a specific wavelength. This light will be modulated electronically or physically

chopped to prevent interference before passing through a nebulised metallic

sample. The resulting light signature will be wavelength separated and analysed

by a detector before being compared to a known absorbance ’zero’ [127,128].

By analysing the difference between volume of photons into and photons

out of the sample cell, there can be a measurement made of the quantity of

analyte within the sample. This was calibrated against 4 standard solutions:

a blank solution (1% nitric acid), and 3 different concentrations spanning the

concentration range expected within the samples, generated from 1000ppm

certified standard solutions. All analysed solutions were diluted within 1% nitric

acid that was generated with the above stated trace metal pure nitric acid.

Periodically, check standards were analysed, allowing for instrumental drift to be

identified.
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2.5.3 Rheology

The viscometer used throughout the analysis of the simulant sewage

sludge was a Brookfield Digital Viscometer model DV-E [129]. All rheological

measurements were conducted using either the S61 or S64 cylindrical spindles

or the S62 or S63 plate spindles. A simplified diagram for this apparatus can be

found in Figure 2.3.

Figure 2.3: A simplified schematic diagram of the major a Brookfield DV-E
viscometer with the S64 cylindrical spindle attachment [129]. The main body of
the viscometer has a cut-out drawn into the centre to display the the coiled spring
used for measurement of the stress placed on each spindle.

The DV-E viscometer measures the resistance to flow of a fluid substance. With

a spindle attached to the main body of the viscometer, it is submerged within

the fluid to the submersion mark. The viscometer allows for fine control of the

rotational speed of the spindle which, in turn, places stress onto the tightly coiled

spring within the main body. The torque placed on this spring is measured and

displayed in units of centipoise (cP). By alteration of the revolution speed, and

cP measurements at each speed, the rheological properties of a fluid can be

characterised and fit to a model.
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Chapter 3

Resin and Weak Acid Screening

Studies

3.1 Resin Screening in Citric Acid Media

This chapter contains a modified version of a paper which aims to examine

the copper, iron(II), lead and zinc extraction performance of the commercially

available resins within citric acid media. Citric acid solutions containing 100ppm

copper, iron(II), lead and zinc were contacted with TP214, MTS9100, MTS9570,

MTS9301, MTS9501 and C107E. Uptake to each resin was measured as a

function of pH in order to determine optimum extraction conditions and the

effect solution phase complexation has on the resin extraction. This paper was

accepted for publication by the Journal of Ion Exchange on 20/09/2018. DOI:

doi.org/10.5182/jaie.29.53

Author Contributions:

• James P. Bezzina - Experimental work, data collection and analysis and

manuscript writing

• James T. M. Amphlett - Manuscript review

• Mark D. Ogden - Principal Investigator and manuscript review
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3.1.1 Introduction

The use of a complexing weak acid as the lixiviant can allow for the higher

separation of metals by adsorption, especially when considering metallic ions

that have been traditionally difficult to separate (such as rare earth elements) [118].

Currently, there is a paucity of data in the literature surrounding the adsorption

of metals from weak acid media. Industrial processes tend to focus on

extraction from industrial solutions of strong acid media (e.g. HCl, H2SO4 and

HNO3) [109,112,115,118,130,131]. This paper will focus on the extraction of problematic

heavy metals (zinc, lead and copper) from buffering regions of weak organic acids

utilising ion exchange resins. This paper presents the screening of multiple resins

of differing functionalities and the affect pH has on the extraction of metal ions

from citric acid buffered media.

3.1.2 Experimental

Reagents and stock solutions

All chemicals used were of analytical grade or higher and purchased from Sigma-

Aldrich unless otherwise specified. Citric acid monohydrate and calcium chloride

were purchased from Fisher Scientific. Lewatit MonoPlus TP214 was supplied

by Lanxess and all other ion exchange resins were supplied by Purolite. Resin

characteristics are outlined within Table 3.1 and functional groups of the resins

screened are given in Fig. 3.1. Resins were preconditioned with 10 bed volumes

1 M H2SO4 on an orbital shaker overnight, then washed 5 times with 10 bed

volumes of deionised water, then stored in deionised water.
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Table 3.1: Physical and chemical characteristics of the resins tested throughoutthis study, as obtained from suppliers information data
sheets (PS = polystyrene, PA = polyacrylic, DVB = divinylbenzene).

Name Functionality Matrix Ionic form Physical Capacity Size (µm) Water Specific
as shipped form retention Gravity

(wt. %)

Lewatit Thiourea PS-DVB Free base Spherical 1.0 eq/L 550 43 - 48 1.1
MonoPlus beads

TP214

Purolite Amidoxime PA-DVB Free base Spherical beads 40 g/L Cu2+ 300 - 1200 52 - 60 1.19
MTS9100 beads

Purolite Phosphonic PA-DVB H+ Spherical 18 g/L Fe3+ 550 - 750 55 - 70 1.19
MTS9570 + sulphonic beads

Purolite Iminodiacetic PS-DVB Na+ Spherical beads 50 g/L Cu2+ 425 - 1000 52 - 60 1.18
MTS9301 beads

Purolite Aminophosphonic PS-DVB Na+ Spherical 24 g/L Ca2+ 425 - 850 55 - 65 1.13
MTS9501 beads

Purolite Carboxylic PA-DVB H+ Spherical 3.6 eq/L 300 - 1600 53 - 58 1.17
C107E beads
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Figure 3.1: Chemical structure of the functionalities of the ion exchange resins
tested throughout this study (A = TP 214, B = MTS9100, C = MTS9570, D =
MTS9301, E = MTS9501, F = C107E; semicircles represent the matrix).

Calcium, copper, iron(II) and zinc were added by dissolution of the respective

chloride salt, Pb2+
(aq) was generated using the nitrate salt due to the solubility,

into deionised water (18 MΩ). Metal concentrations were measured utilising a

Perkin Elmer Atomic Absorption Spectrometer AAnalyst 400. Calibration of the

instrument was performed by standard solutions diluted with 1% nitric acid.

Batch extractions from buffered media

Pre-contact solutions were adjusted to pH 1 below pK a1 and pH 1 above pK a3

of citric acid, displayed in Fig. 3.2. Metal containing solutions (50 mL, 100 ppm

M2+, 0.5 M Cl-, 0.5 M Citric acid) where contacted with resins (2 mLwsr overnight

with agitation by orbital shaker. Metal uptake by the resin was determined by a

difference between post- and pre-contact solution concentrations. The extraction

percentage (E%) was calculated using the equation:

E% =
Ci − Ce
Ci

× 100 (3.1)
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where C i is the concentration of the solution pre-contact and Ce is the

concentration of the solution at equilibrium. Measurements of pH were conducted

using a Ag/AgCl reference electrode calibrated from pH 2-10 using standard

buffer solutions. Error margins were calculated by triplicate measurement of the

initial working solutions prior to pH adjustment.

Figure 3.2: Reaction schematics of the three deprotonations of citric acid.

3.1.3 Results

The extraction of common problematic heavy metals from solutions buffered by

citric acid was measured at a pH range spanning over the buffering region of the

acid. Figure 2 displays the extraction of copper, iron, lead and zinc from citric
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acid solutions by TP214 (Fig. 3.3), MTS9100 (Fig. 3.4), MTS9570 (Fig. 3.5),

MTS9301 (Fig. 3.6), MTS9501 (Fig. 3.7) and C107E (Fig. 3.8) as a function of

pH. Generally copper or iron were observed to be extracted most effectively over

the pH range studied.

Figure 3.3: Extraction of metal ions by TP214 as a function of pH. Cu = , Fe
= , Pb = , Zn = .

The extraction of metal ions from citric acid media by the thiourea functionalised

resin TP214 as a function of pH is displayed in Fig. 3.3. Copper is extracted very

effectively, however extraction percentage is reduced as pH increased above 4.5.

Lead, iron and zinc extraction decreases with increasing pH. Throughout the pH

range examined, the order of affinity of this resin may be defined as Cu >> Pb >

Fe > Zn.
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Figure 3.4: Extraction of metal ions by MTS9100 as a function of pH. Cu = ,
Fe = , Pb = , Zn = .

Fig. 3.4 displays the pH dependence of the extraction of Cu2+, Fe2+, Pb2+ and

Zn2+ by MTS9100 from citric acid media. While at pH ∼2.0 the extraction of iron

is ∼50%, this decreases dramatically as pH increases. Extraction remains under

∼20-30%for all other metals across the pH range studied. Extraction of both

copper and lead increases towards a pH of 6.5, reaching ∼30%.

Figure 3.5: Extraction of metal ions by MTS9570 as a function of pH. Cu = ,
Fe = , Pb = , Zn = .
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The pH dependence of the extraction of metals by MTS9570 in citrate media is

displayed in Fig. 3.5. At lower pH (<3), MTS9570 displays a high affinity for iron,

extracting almost 100% from solution, followed by lead, with ∼60% extraction.

The extraction of these metals decreases with increasing pH, however, iron, zinc

and copper display a negligible extraction above pH 5.5. Conversely, lead displays

an increasing trend in extraction beyond pH 5.5. At the lower pH range examined

the order of affinity of metals is Fe >> Pb > Zn > Cu, with this becoming Pb >>

Zn > Fe > Cu at higher pH.

Figure 3.6: Extraction of metal ions by MTS9301 as a function of pH. Cu = ,
Fe = , Pb = , Zn = .

Fig. 3.6 shows the extraction of metals by MTS9301 from citric acid media

as a function of pH. The iminodiacetic acid functionality of MTS9301 shows a

high affinity toward copper throughout the pH range studied. At lower pH, iron

shows peak extraction at ∼50%, this decreasing with an increase in pH, which

is the opposite to that of zinc. Lead begins with a low extraction, then increases

to ∼55% at a pH of ∼2.75, this then decreases to a trough at pH 4.5 before

increasing again to ∼65% at pH ∼6. MTS9301 is, by far, the best extractant for

zinc, with around 95% extraction towards the higher pH examined. The low pH

affinity of this resin is Cu >> Fe >> Zn = Pb, which becomes Cu > Zn >> Pb
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>> Fe towards the higher pH of the range tested.

Figure 3.7: Extraction of metal ions by MTS9501 as a function of pH. Cu = ,
Fe = , Pb = , Zn = .

MTS9501 displays a high affinity for iron from citric acid media, as observed in

the plot of metal extraction as a function of pH in Fig. 3.7. At lower pH, copper is

the least extracted metal, while as pH increases lead and zinc fall in extraction to

∼25% at pH ∼5.0. Extraction of copper, zinc and lead is increased to ∼60% at

around a pH 6.5 before decreasing again at pH 7.0. The low pH order of affinity

is Fe >> Zn > Pb > Cu, however as pH nears 7 this becomes Fe >> Pb = Cu >

Zn.
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Figure 3.8: Extraction of metal ions by C107E as a function of pH. Cu = , Fe
= , Pb = , Zn = .

The carboxylic acid functionalised resin, C107E, is the least effective resin

tested for extraction of metals from citric acid buffered media (Fig. 3.8). Lead, in

a similar fashion to that of the extraction by MTS9570, MTS9301 and MTS9501

increases in extraction until pH ∼4.0 at what point it plateaus before beginning

to increase from pH ∼6.0. Copper initially follows the same trend, until pH ∼4.5,

where extraction decreases to a negligible amount. This resin within the pH range

tested for citric acid media does not take up either zinc or iron.

3.1.4 Discussion

Extraction of copper

In the present study copper is taken up most efficiently by thiourea and

iminodiacetic acid functionalities. The thiourea functionalised resin shows

suppression of copper recovery above pH 5, which aligns with pK a2 of citric acid

(pH 4.75). This decrease in copper extraction towards the higher pH studied

can be explained by the higher complexation of coppercitrate between pH 5 and

6 [132], stabilising copper within solution. The iminodiacetic acid functionality binds

to copper consistently across all tested pH within citric acid with a slight dip
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in extraction towards lower pH. The affinity for copper by MTS9301 has also

been reported elsewhere at pH < 2 [130], however within the previous studies

iron is extracted in comparable amounts. The high selectivity of iminodiacetic

acid functionalities for copper has also been reported by Mendes and Martins [115]

as well as Edebali and Pehlivan [109], who also reports a high selectivity of bis-

picolylamine functionalities for copper.

Figure 3.9: Separation factors of copper from other metals present within
solution by both TP214 and MTS9301.

Both functionalities display similar separations from metals at their optimum

pH values for copper recovery (5 and 2 respectively for TP214 and MTS9301),

displayed in Fig. 3.9. Both the separation of Fe and Pb are almost identical for

both MTS9301 and TP214. The rejection of Zn by TP214 is far more prominent,

with a separation factor over four times that of the iminodiacetic functionalised

resin.

Extraction of iron

Both MTS9570 and MTS9501 are efficient extractors of iron, being due to both

having phosphonic acid functionalities attached to the resin. (See Fig. 3.10.)

Riley et al. has also reported the affinity of phosphonic acid functionalised resins

towards iron [130]. This previous study, however, measured extraction in sulphuric

acid media at a maximum pH of 2. The composite functionality of MTS9570 does
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not compete with a dissociated citrate anion for metal binding, while the pure

aminophosphonic functionalised resin, MTS9501 maintains the high iron affinity.

Figure 3.10: Separation factors of iron from other metals present within solution
by both MTS9570 and MTS9501.

The highest extraction for iron over all other metals studied by MTS9570 is at a

pH of ∼1.75, which is also where the affinity of other metals is at the peak. The

high extraction of iron by MTS9501 throughout all pH values screened allows for

selective separation of iron as the extraction of other metals is suppressed to a

maximum of <25% at a pH of ∼5.

Extraction of lead

The observed general trend for lead recovery is that it is extracted less

effectively than copper and iron. This being the case, however, TP214 and

MTS9570 do show promising pH dependant recovery of lead. These resins show

lead as the metal with the second highest extraction affinity.

While alone there may not be effective separation of lead from other metals,

there is the potential to utilise resins sequentially to minimise co-extraction of

iron and copper by selectively removing them from solution first. Both TP214 and

MTS9570 are reported to have a peak lead extraction at pH ∼2.5. The separation

factors of lead from other metals by TP214, is much higher at this pH, while
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MTS9570 maintains a high affinity for iron (represented in the separation factors

presented in Fig. 3.11.

With an increased pH, MTS9570 is able to successfully reject other metals and

increase extraction of lead (to a maximum of ∼35% extraction at pH ∼6.5). The

iminodiacetic acid functionalitiy is also able to extract lead to a high degree. At

a pH of ∼5.5, ∼60% of the lead has been extracted, however at this same pH

∼95% of the copper and ∼90% of the zinc is extracted as well.

Octylamino pyridine ligands have been used to successfully and selectively

extract lead from an aqueous succinate solution containing multiple other heavy

metal contaminants [133]. This study had reported that lead extraction increases

from ∼20% to almost 100% beyond a pH of ∼8, which could potentially describe

the increase in lead extraction towards the higher pH range examined within this

study. While no entirely selective functionality was determined throughout this

screening study, perhaps an aromatic nitrogen, and aliphatic chain functionality

could potentially increase selectivity towards lead.

Figure 3.11: Separation factors of lead from other metals present within solution
by MTS9570, TP214 and MTS9301.
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Extraction of zinc

Of the resins examined, only MTS9301 seems suitable for the extraction of

zinc. Towards pH 6, MTS9301 reaches zinc extractions of ∼90%. With a lower

concentration of copper within solution of citrate media, MTS9301 could be an

effective extractant for zinc. While MTS9501 is the next most effective, the

maximum extraction of zinc is only ∼50%, having far less of a recovery than iron

in solution. This high affinity of zinc to iminodiacetic acid and amino/amino-acetic

acid groups has been observed previously, along with the removal from a highly

concentrated solution, lacking dissolved iron species [134].

Summary

From the results obtained it is clear that the amidoxime and the carboxylic acid

functionalised resins are not well suited for extraction of the selected metals from

citric acid media. While above pK a3 of citric acid, the extraction of lead begins

to increase, beyond this point there is possibility for precipitation of the metals.

Aqueous Cu, Fe, Pb and Zn citrate complexes are more stable than those formed

by the functionalities on each resin, therefore recoveries are low.

At pH values below the pK a1 of citric acid, the extraction of lead, copper and

zinc by MTS9501 decreases. These extractions then increase beyond the pK a3

of citric acid, suggesting a benefit to the complexation of these metals upon

extraction by phosphoric acid groups. The extraction of copper, lead and zinc from

solution by MTS9570 is likely due to the presence of the phosphonic functional

as this behaves similarly to MTS9501.

The iminodiacetic acid functionalised resin displayed a high affinity at copper

throughout lower pH values, with the selectivity for lead and zinc increasing with

pH. Lead displays a higher affinity for the resin functionality as the citrate ion is

deprotonated further, however there is less of an affinity as the citrate ion reaches
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pK a3, with extraction again increasing beyond this pH.

3.1.5 Conclusion

A pH screening study of the extraction of metals from a simulated citric acid

sewage sludge PLS utilising a selection of ion exchange functionalities has been

reported. Carboxylic acid and amidoxime functionalised ion exchange resins

were found inappropriate for the extraction of Cu, Fe, Pb and Zn from citrate

media, across pH ∼1.5-6.5. No resin was capable of effectively removing lead

or zinc without also extracting large amounts of either copper or iron. While no

singular resin functionality was found capable of extracting all of the focus metals,

a combination of resins utilised in series could allow for separation of metals and

valorisation of this material. The process that one could envision being created

using highest concentration (within sewage sludge) and separation factors the

removal of metals obtained within this study would be conducted sequentially

from iron, copper, zinc then lead.
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3.2 Resin Screening in Weak Acid Media

This chapter encompasses an altered version of a paper that examines

the copper, iron(II), lead and zinc extraction performance of the commercially

available resins within acetic and lactic acid system, comparing the results to

the reanalysed data of the citric acid system. Following on from this previous

weak acid study a screening study was conducted on the commercially available

TP214 (thiourea), MTS9100 (amidoxime), MTS9570 (phosphonic/sulphonic

acid), MTS9301 (iminodiacetic acid), MTS9501 (aminophosphonic acid) and

C107E (carboxylic acid) resins by measuring distribution coefficients at at 10

pH points throughout the buffering region of acetic acid and lactic acid and

reanalysing the data attained from citric acid. This data was compared against

the thermodynamically modelled solution phase speciation in order to determine

the specific effect each complex can have on the effectiveness of the functionality

of each resin for the purpose of inclusion within a RIP process for the extraction

of heavy metals from sewage sludge. This paper was accepted for publication by

Water Research on 20/04/2019. DOI: doi.org/10.1016/j.watres.2019.04.042
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3.2.1 Introduction

Following on from the difficulty of extraction of heavy metals from citric acid

media, the use of IX resins within complexing weak acid media remains sparsely

understood. Ionic strength, aqueous media and pH have all been altered to

optimise the extraction capabilities of IX resins [118,130,135]. Currently there is a

paucity of information upon which a weak acid media extraction process can be

based. The focus of this study is on the ability of complexing acid systems to

alter metal ion extraction and separation characteristics of IX resins. The work

presented in this chapter brings a comprehensive resin functionality screening

within three different weak acid media, including an in-depth solution phase

speciation analysis, for simulated leachate solutions of weak acid leached sewage

sludge. The most promising resins discovered within this study will be continued

through further characterisation within future research.

3.2.2 Materials and Methods

Reagents and stock solutions

The functionalities of the resins tested are given in Figure 3.12. All IX resins

were supplied by Purolite, except Lewatit MonoPlus TP214, which was provided

by Lanxess. Calcium chloride was purchased from Fisher Scientific, lactic acid

(80%) was purchased from Scientific Laboratory Supplies and glacial acetic acid

was purchased from VWR. All other chemicals were purchased from Sigma-

Aldrich as analytical grade or better unless otherwise specified. All IX resins

were preconditioned by treatment with 1 M H2SO4(10 bed volumes) for 24h, prior

to washing with 50 bed volumes of deionised water. The characteristics of the IX

resins are given in supplemental Table A.1.
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Figure 3.12: Chemical structure of the functionalities of the ion exchange resins
tested throughout this study (A = TP214, B = MTS9100, C = MTS9570, D =
MTS9301, E = MTS9501, F = C107E; semicircles represent the matrix).

Batch extractions from buffered media

Batch extractions were carried out by contacting 2mLwsr with 50mL of mixed

metal solution and agitating on an orbital shaker for 24 h at room temperature,

after which samples were taken for metal concentration and pH analysis. Mixed

metal solutions contained chloride salts of Ca2+, Cu2+, Fe2+ and Zn 2+ (100ppm),

in addition to Pb(NO3)2 (100ppm Pb2+), NaCl (0.5M) and weak acid (0.5M, acetic

acid and lactic acid). While Ca2+ concentration was not analysed, a resin:solution

ratio was maintained so that the total metal concentration was far below the

saturation of resin functional sites. Acidity was adjusted to a range ±1 pH unit

either side of the corresponding weak acid’s pKa (pH 4.76 for acetic acid and pH

3.86 for lactic acid), the approximate buffering region of the acid, using either

NaOH or HCl.

Metal extraction was determined by difference using equation (1), where Vaq is

the volume of aqueous solution, m is the mass of resin used in each experiment,

C i is the concentration of the solution pre-contact and Ce is the concentration of

the solution at equilibrium.

Kd =
Ci − Ce
Ce

× Vaq
m

(3.2)
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Error was calculated through triplicate sampling and analysis of aqueous

solutions prior to contact with exchange resins. Samples were diluted with 1%

nitric acid (1:10 dilution) and metals analysis was conducted using a Perkin

Elmer Atomic Absorption Spectrometer AAnalyst 400. pH measurements were

conducted using a Ag/AgCl electrode, calibrated using a four-point calibration

with commercially available pH calibration buffers. Citric acid data from the

publication [135] has been reanalysed to produce Kd values, for comparison. This

data was obtained using the exact same methodology as used for acetic acid and

lactic acid, with the pH being adjusted across the three distinct pKa values of citric

acid.

Speciation Modelling

To support understanding into the extraction mechanism of metals from

weak acid leaching, speciation modelling was carried out using the HySS2008

software suite [125]. All complex stability constants attained for the modelling were

sourced from the NIST database [126] where possible and all hydrolysis product

stability constants were sourced from [136]. Iron-lactate stability constants were

sourced from [137] and copper and iron-citrate stability constants were obtained

from [138]. Tabulation of the stability constants can be found in the supplementary

information (Table A.20 - A.28) with speciation diagrams (Supplementary Figures

A.1, A.2 and A.3) for acetate, lactate and citrate media, respectively. Stability

constants are displayed as log β values, with all reported literature conditions

being 25°C and consistent ionic strength.

Iron oxidation state modelling has been conducted using the Aqion software

suite [139]. This modelling software is a GUI for the Phreeqc software, and the

results are presented in Table A.29.
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3.2.3 Results

Extraction from acetic acid media

Initially, the distribution coefficients (Kd) of metal ions from acetic acid by all

six resins were screened (Figures 3.13-3.15). While the distribution of iron onto

TP214 (Fig. 3.12A) reaches >40, the high distribution value is only maintained

between pH 3.97 and 4.51, outside of this region the Kd decrease to ≤ 1(Figure

3.13a). Copper is extracted to ∼100%, with the Kd remaining between 5 and 6

throughout the entire pH range studied. Both zinc and lead maintain distribution

values <0.5. Between the pH region of 3.97 and 4.51, the affinity series remains

Fe >>Cu >Pb >Zn, however outside of this region the affinity series becomes

Cu >Fe >Pb >Zn.

Data for amidoxime functionalised Purolite MTS9100 (Fig. 3.12B) are shown in

Figure 3.13b. Results again show a high affinity for copper from acetate media

throughout the studied pH range, with the Kd increasing exponentially from ∼1

as pH increases. Zinc and lead show increasing extraction with increasing pH

(although Kd remaining <1). The Kd of iron increases exponentially to a peak of

4.2 at pH 5 before dropping to <1 beyond this. The observed affinity series for

MTS9100 towards the studied metals in acetic acid is Cu >Fe >Pb >Zn between

pH 3.55 and 4.83 and ≥ pH 5.25, with iron having the highest affinity at pH 5.06.

Figure 3.14a shows the extraction of metal ions from acetate media by

MTS9570 (Fig. 3.12C). The Kd of iron increases to a peak of 14 at pH 3.75,

before dropping to 8 towards the higher pH values. Lead distribution coefficients

remained at ∼2 throughout the entire pH range, while zinc values continue to

increase until the highest pH studied. The Kd of copper remained <0.3 between

the studied pH values. At pH ≥ 3.71 the observed affinity series is Fe >>Pb >Zn

>Cu, with Zn = Cu at pH 2.84. Figure 3.14b presents the extraction of copper,

iron, lead and zinc ions from acetate media by iminodiacetic acid (IDA) MTS9301
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(Fig. 3.12D) as a function of pH. This resin shows a high affinity toward copper

ions, with Kd values reaching beyond 10. The IDA functionality shows moderately

high affinity for the other metals studied, with the Kd of all metals >1 towards

higher pH values, iron peaking at ∼6 between pH 4.25 and 4.50 and zinc peaking

at almost 10 at pH 5.2. At lower pH values, the resin is selective towards copper,

with extraction of other metals suppressed. The affinity series at a pH ≤3.62 is

Cu >>Zn = Pb = Fe. The separation between lead, zinc and iron, changes at

pH 5.32 leading to an affinity series of Cu >>Zn >Fe >Pb. However, between

pH 3.99 and 4.70 iron has more of an affinity than zinc, and at pH 5.12 lead has

greater affinity than iron.

(a) (b)

Figure 3.13: The distribution of metal ions from acetic acid media by (a) TP214
and (b) MTS9100 as a function of pH at 20 °C after 24hr of contact time.

Distribution coefficients of metals on the aminophosphonic acid functionalised

resin MTS9501 (Fig. 3.12E) from acetate media are shown in Figure 3.15a.

Copper recovery is constant from acetate media, remaining between 2 and 4.

Iron is recovered very effectively from acetate media with this resin, with Kd values

reaching beyond 200, however the Kd drops below 1 beyond pH 5.5. Lead and

zinc affinity increases with pH, with zinc showing a higher affinity than lead for the

resin. The Observed affinity at pH <5.5 is Fe >>Cu >>Zn >Pb, however, at the

highest pH value tested (5.75) the separation of each metal decreases and the

order of extraction becomes Cu >>Zn >Fe >Pb.



70 CHAPTER 3. RESIN AND WEAK ACID SCREENING STUDIES

(a) (b)

Figure 3.14: The distribution of metal ions from acetic acid media by (a)
MTS9570 and (b) MTS9301 as a function of pH at 20 °C after 24hr of contact
time.

Figure 3.15b shows the pH dependence of metal distribution onto carboxylic

acid functionalised C107E (Fig. 3.12F) from an acetate media. At pH <4 in

acetate media the observed affinity series for C107E is Fe >>Pb >Cu >>Zn. As

pH increases, iron extraction is suppressed, whereas copper, lead and zinc Kd

values increase with increasing pH. At pH ∼4.5 the affinity of C107E for iron, lead

and copper become roughly similar, with the affinity for zinc overtaking the affinity

for iron at pH ∼4.8. Above pH 4.8 the affinity of C107E for metals is in the order

Cu >Pb >Zn >Fe.

(a) (b)

Figure 3.15: The distribution of metal ions from acetic acid media by (a)
MTS9501 and (b) C107E as a function of pH at 20 °C after 24hr of contact
time.
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Extraction from Lactic acid media

Similarly to the results from acetate media TP214 also has a high affinity for

copper in lactate media (Figure 3.16a), in this case with Kd values above 50

throughout all pH values. Lead showed highest distribution at lower lactic acid

pH values, with this decreasing as pH increases to around 1 at pH >4.0. Zinc

and iron Kd remained below 0.05 throughout the measured pH range by TP214

in lactate media. The observed affinity series for TP214 within this media was

Cu >>Pb >Fe = Zn. MTS9100, was not as effective within lactate media (Figure

3.16b). The only metal to show Kd values >0.1 from lactate media was lead.

Observed metal extraction behaviour of MTS9570 from lactate media is similar

to that observed from acetate media, with the same general trend in affinity Fe

>Pb >Zn >Cu (Figure 3.17a). Iron Kd decreased as pH increased, plateauing

at pH ∼4.2. The lead Kd values increase to a maximum of 1 at pH 4.0. Copper

and zinc extraction within lactate was suppressed with respect to MTS9570, as

shown by the low Kd of both metals. The observed trend in affinity is Fe >>Pb

>Zn >Cu, throughout the entire pH range studied.

(a) (b)

Figure 3.16: The distribution of metal ions from lactic acid by (a) TP214 and (b)
MTS9100 as a function of pH at 20 °C after 24hr of contact time.

The lactate media displays suppression of metal uptake by MTS9301 in

comparison to acetate media, with the copper reaching a Kd of ∼10, while all
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(a) (b)

Figure 3.17: The distribution of metal ions from lactic acid by (a) MTS9570, (b)
MTS9301 as a function of pH at 20 °C after 24hr of contact time.

other metals remain below 1 (Figure 3.17b). The Kd of lead reaches 0.89, peaking

at a pH of 4.14, while zinc peaks at a pH of 4.52 with a Kd of 0.78. The Kd of iron

remains at ∼0.4 throughout the entire pH range. While towards the lowest pH

values studied (pH <3.31) the trend in affinity was Cu >>Fe >Pb >Zn, at pH

4.52 the trend in affinity was Cu >>Pb >Zn >Fe.

Changing weak acid medium from acetate to lactate increases selectivity of

MTS9501 (Figure 3.18a). Iron Kd values remain between 25 and 50, while copper,

lead and zinc remain below 1. As pH increases, copper, lead and zinc Kd values

increase 0.30, 0.73 and 0.24, and an affinity series throughout the entire range

studied of Fe >>Pb >Cu = Zn. The weak acid resin, C107E, showed a high

affinity and separation for lead within lactic acid media (Figure 3.18b). Kd values

of lead from this media increased to 0.4, while all other metal Kd values remained

below 0.02.

Extraction from citric acid media

The pH dependence of the Kd of the metals from citric acid media, reported

as extraction percentage in [135], is displayed for each resin studied in Figures

3.19-3.21. Figure 3.19a shows the copper Kd values for TP214 within citric acid

reached a maximum of 17 before decreasing past a pH of 3.88. All other metals
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(a) (b)

Figure 3.18: The distribution of metal ions from lactic acid by (a) MTS9501 and
(b) C107E as a function of pH at 20 °C after 24hr of contact time.

studied show Kd values below 0.02. The affinity trend for TP214 within citrate is

Cu >>Pb >Fe >Zn at pH ≤ 3.9, with lead, iron and zinc reducing the difference

in extraction as pH increases. In Figure 3.19b, the plot of Kd vs pH for MTS9100

in citric acid media shows that there was no appreciable extraction of metal ions

by the amidoxime functionality.

The Kd of metals extracted by MTS9570 as a function of pH within citric acid

media is displayed in Figure 3.20a. The initial pH (1.8) shows the resin has a

high iron affinity, after which the Kd exponentially decreases with increasing pH.

Copper and zinc show little interaction with MTS9570 in citric acid, with Kd values

remaining below 0.01 for copper and 0.03 for zinc. A maximum Kd of 0.1 for lead

is observed at a pH of 2.5. The affinity trend for extraction of these metals from

citrate media is observed to be Fe >>Pb >Zn >Cu at pH ≤ 3.8, before becoming

Pb >Zn >Fe >Cu at pH ≥ 4.4.

The Kd for copper extraction from citric acid media by MTS9301 (Figure 3.20b)

reached a maximum of 5 from a minimum of 1, increasing with respect to pH. All

other metals maintain Kd values at or below 0.1, apart from zinc, which reached a

Kd of ∼1 by pH 5.8. The trend in affinity at a higher pH (pH ≥ 4) can be described

as Cu >>Zn >Pb >Fe.
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(a) (b)

Figure 3.19: The distribution of metal ions from citric acid by (a) TP214 and (b)
MTS9100 as a function of pH at 20 °C after 24hr of contact time.

(a) (b)

Figure 3.20: The distribution of metal ions from citric acid by (a) MTS9570 and
(b) MTS9301 as a function of pH at 20 °C after 24hr of contact time.

Figure 3.21a displays the pH dependence of the distribution coefficients of

copper, iron, lead and zinc from a citric acid media. At a lower pH there was

much higher extraction of iron, with distribution coefficients beginning at 12.5

and peaking at 80, before dropping to <1.5. The higher pH values (pH ≥ 6.7)

affinity trend was Fe >Zn = Pb = Cu, with separation from copper becoming more

apparent as pH decreases to display a trend showing Fe >>Zn = Pb >Cu. All

other metals within this media display relatively negligible distribution coefficients

(<0.15). C107E within the citric acid media (Figure 3.21b) displayed very low

distribution coefficients (Kd <∼0.02), however the extraction of lead, and copper

until pH 4.5, showed a relatively large separation from the other metals.
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(a) (b)

Figure 3.21: The distribution coefficients of metal ions from citric acid by (a)
MTS9501 and (b) C107E as a function of pH at 20 °C after 24hr of contact time.

3.2.4 Discussion

The general IX equation for extraction of metals from solution is given by

equation (2);

RHx + Mx+ � RM + xH+ (3.3)

where a metal (Mx+) is exchanged for X protons (H+) on the functional group (R).

A simplistic interpretation to metal uptake trends could be made by comparing

solution speciation in weak acid media with the overall stability constants (logβ)

for a metal binding the aqueous analogue of each functional group. The caveat

to this is that no consideration is given to hydrophobic matrix effects of the ion

exchange resin.

As the comparison of divalent metal ions within this study includes iron(II), there

is likelihood for the oxidation of iron(II) to iron(III). Modelling within studied region

displays little concentration of iron(III), however there is precipitation of iron at

higher pH within acetate and lactate media (Table A.29), to minimise the effect,

fresh solutions were made prior to each experiment.
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Performance of TP214 in weak acid media

Thiourea functionalised TP214 has been previously used for precious metal

removal and could be useful in the valorisation of some sewage sludges [120,140,141].

However, the moiety displays affinity for copper [120,142] potentially reducing

effective extraction of precious metals. If complexing weak acids suppress the

extraction of copper it could lead to a potential selective removal of precious

metals from sewage sludge. The observed strong extraction of copper is due

to the generation of copper (I) by the thiourea functional group on TP214 [141–144].

The extraction is independent of speciation in acetate (Figure A.1a) and lactate

media (Figure A.2a), while copper(I) displays high affinities for the thiourea group,

above those of the carboxylic acid groups [126]. The observed extraction decrease,

below pH 4.5, in citrate media correlates to a transition from a charge neutral

CuHCit (MHL) species to a negatively charged dimer (M2L2) and a hydrolysis

product (MH-1L) complex of copper citrate as pH increases (Figure A.3a).

The high extraction of Fe2+ observed in acetate media is not recorded for lactate

and citrate. Within acetic acid we see an initial uptake suppression by proton

competition, followed by a transition of the iron species to FeAc+ (Figure A.1b)

preventing uptake at pH >4.5, the extraction of iron(II) at lower pH values could

be explained by the observation of a thiourea complex (Fe(thiourea)4Cl2) within

chloride media, however little to no data exists on the stability of this complex [145].

The extraction suppression of Fe2+ in citrate is due to screening in solution by

complexation (Figures A.3b), while the reduction of copper could be causing

oxidation of iron and also leading to stabilisation by complexation in lactate media

(Figure A.2b).

Lead complexation with lactate is weaker than acetate for the dominant species

(ML+ and ML2) (Tables A.25 and A.24, respectively), explaining the higher

extraction in lactate, however both decrease in extraction with increasing neutral
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bis- and negative tris-complexation (PbLac3
- being a stronger binding species

than PbAc3
-) (Figure A.1c and A.2c, acetate and lactate, respectively). The

complete suppression of extraction in citrate is due to the formation of stable

multidentate complexes in solution (Figure A.3c). Zinc extraction is low within all

three media. The free Zn2+ remains close to 10%, even towards the higher pH

in acetic acid, while this is zero in lactate (Figure A.2d) and citrate (Figure A.3d),

explaining the higher extraction in acetate.

The high stability of copper(I)-thiourea complexes (logβ of 12.3 for ML species,

increasing for ML2 and ML3) supports the assumption of copper(II) reduction.

Little to no data on iron(II)/(III) stability exists, however a comparison of copper(I)

with lead and zinc suggest an affinity for low charge densities [125], leaving

copper(I) as the only species displaying higher stability bound to the surface than

in solution. The separation factors of copper from other metals (Cu Kd/M Kd) at

the pH of maximum separation is displayed within Figure 3.22 (other separation

factors have been tabulated in supporting information Table A.2, A.8 and A.14

for acetic, lactic and citric acid, respectively) with lactic acid providing the largest

separation factors. The proposed surface redox reaction of copper is a concern

regarding resin regeneration.

Performance of MTS9100 in weak acid media

Within acetic acid, the amidoxime functionalised MTS9100 extraction can be

assumed to be dictated by proton concentration mainly. Copper continues the

increase in extraction observed from pH 2 in sulphate media [130], with extraction

at pH 2.5 being ∼30%, then 75% at pH 3.5 in this study. Fe2+ is the only ion

observably affected by speciation beyond pH 5, where a large proportion is FeAc+

in solution (Figure A.1b), relating to a decrease in extraction. There is limited

information on solution phase iron-amidoxime species, alluding to a stronger

binding of the carboxylic species [126].



78 CHAPTER 3. RESIN AND WEAK ACID SCREENING STUDIES

Figure 3.22: TP214 separation factors of copper from iron, lead and zinc
extracted from acetate, lactate and citrate media at 20 °C after 24hr of contact
time.

The distribution of lead and zinc increase with pH, however they do not exceed

0.7 and 0.2, respectively in all media. The extraction of all metals from lactic

and citric acid by MTS9100 is greatly hindered, with these media rendering this

functionality incapable of effective metals extraction. Neither metal (lead nor zinc)

is effectively removed, until higher pH in the case of acetate, from any media.

Performance of MTS9570 in weak acid media

The phosphonic/sulphonic combined functionality of MTS9570 has been

proposed in previous research for the removal of ferric ions from electrolyte

copper solutions [121]. This copper rejection is also demonstrated within the weak

acid media, where the maximum distribution coefficient of all media was 0.25. As

with other sources [130] and similarly to Diphonix™ [146], an increase in pH within

acetate displayed an increase in extraction, until a peak recorded at pH ∼3.75.

This peak correlates to a transition between Cu2+ and CuAc+ before suppression

by the neutral CuAc2 and negatively charged CuAc3
- species (Figure A.1a) within

solution. Within both lactic and citric acid, almost complete rejection of copper is

observed.
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The speciation of iron within acetate solution has no effect on the extraction

(Figure A.1b), while both lactic acid and citric acid display decreasing Kd with

increasing pH. In citric acid media, this relates to a transition from free iron

species to negatively charged FeCit- for iron(II) at pH 3 (Figure A.3b), which

is when there is a perceived drop in Kd, and in lactic acid this relates to the

small increase in FeLac+ from free iron species (Figure A.2b), as this decrease

in extraction is only ∼5% (roughly the same value as the concentration of the

FeLac+ species).

Lead complexes with lactic acid slightly stronger than acetic acid, reducing

distribution coefficients from ∼2 throughout all pH ranges for acetic acid, to a

maximum of 0.9 within lactic acid, where the major species is the charge neutral

PbLac2 (Figure A.2c). Citric acid, on the other hand, reaches a Kd of 0.1 at a

pH of 2.58, decreasing as both negatively charged PbCit- and PbCit24- species

increase in relative concentration (Figure A.3c).

Transitioning from acetic to lactic to citric acid the maximum Kd reached for zinc

is 1.37, 0.03 and 0.03, respectively. Within acetic acid, this maximum extraction

is observed at the highest pH studied, when the most abundant species is that

of cationic ZnAc+ (Figure A.3d), however within lactate and citrate media, the

transition to either a neutral ZnLac2 species or ZnHCit species occurs at much

lower pH values (Figure A.2d and A.3d, respectively). While sulphate media sees

∼100% extraction of zinc at pH>1 [130] and the Diphonix resin sees high extraction

of zinc at pH >2 within nitric acid media [146].

Figure 3.23 displays the maximum observed separation factors of iron from

copper, lead and zinc from within acetate, lactate and citrate media. The

drop in iron extraction from citrate media at the higher pH range studied

becomes extremely apparent, with separation factors from all metals dropping

substantially from the initially large values; especially true for copper. The
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separation factors of iron from lead and zinc are less pronounced than copper

(Table A.4, A.10 and A.16, for acetate, lactate and citrate media, respectively),

with similarly functionalised resins displaying large extraction capability for zinc

in other studies [130,146], and the phosphonic acid group previously displaying

effective extraction of lead [112,123].

Figure 3.23: MTS9570 separation factors of iron from copper, lead and zinc
extracted from acetate, lactate and citrate media at 20 °C after 24hr of contact
time.

Performance of MTS9301 in weak acid media

IDA functionalised resins are generally efficient at the extraction of copper,

and can also show high affinity toward zinc [109,122,130,147]. This functionality could

have had the potential to extract high concentrations of copper and zinc that

are common within modern sewage treatment plants [17]. In accordance with

the high affinity of the IDA resin for copper, the ML2 stability constant trend

follows 4 coordinate Z/IR with Cu2+ > Zn2+ > Fe2+ > Pb2+, with all of the focus

IDA-metal stability constants outcompeting predicted carboxylic acid complexes

(Tables A.22, A.25 and A.27) [126].
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Copper extraction within acetate media maintains Kd values between 30 and

10, (one outlier at ∼110, or an extraction difference of 0.2%), lactic and citric

acid media increases from relatively low Kd values (∼2 and 1, respectively) to ∼9

and 5, respectively. Literature sources show that the extraction of copper by this

functionality is generally hindered by competition between copper and protons,

which is often found to dramatically reduce extraction after pH 1 [109,122,147],

therefore the increase in copper extraction, irrespective of the neutral and anionic

solution phase species, is likely due to the lower competition of protons.

Within lactate the extraction of iron remains consistent throughout all pH values,

as does the solution speciation (Figure A.2b). The acetate behaviour can be

rationalised by a decrease in the competition between iron in solution and protons

to a peak extraction at pH 4.5, before a transition between Fe2+ and FeAc+ (Figure

A.1b) suppressing extraction, alluding to a bidentate binding mechanism (ML2

>> ML). In both acetate and lactate media, the extraction of iron(II) was >85%,

showing a similarly high affinity for iron as within strong acid media, with high

proton concentration being detrimental to extraction [130,147]. This high affinity is

not observed within citric acid, where the Kd decreases from a low 0.06 to 0.007

as the speciation transitions to 100% iron citrate complexes (Figure A.3b).

Lead reaches a maximum by pH ∼3.25 in acetate and lactate media, with

extraction irrespective of the speciation (Figures A.1c, and A.2c, respectively),

a similar pH to that observed by an iminodiacetic acid and carboxylic acid co-

functionalised resin [122]. Citrate media, however, shows a peak at pH ∼3 leading

to extraction suppression, corresponding to a peak in anionic PbCit- concentration

(Figure A.3b), before extraction again increases beyond the studied region, with

an increase in anionic Pb2Cit22- abundance (Figure A.3c).

Acetic acid sees maximum zinc extraction by pH ∼4, with 98-99% extraction

(Kd of∼3.5 – ∼9), similar to Chelex 100 in nitrate media [147]. Within either acetic



82 CHAPTER 3. RESIN AND WEAK ACID SCREENING STUDIES

acid or lactic acid, zinc extraction seems to be irrespective of speciation changes

(Figures A.1d and A.2d, respectively), with the aqueous IDA-zinc complexes

being more stable [126]. The formation of ZnLac2 and ZnLac3
- complexes reduces

the recorded distribution coefficients from∼5 at pH 4.5 in acetate media to∼0.8 in

lactate media (translating to a decrease from 99% to 92% extraction). In citric acid

zinc maintains a ZnHCit complex (Figure A.1d), further suppressing the extraction

of zinc, to ∼0.2 at pH ∼4.5 and a maximum of ∼1 at pH 5.8, where the anionic

ZnCit24- species becomes apparent.

At higher pH (>2), the iminodiacetic acid functionality is known to be a great

extractor of metals, it is one of the best chelating resins for the extraction of copper

and lead from waste water streams [112,130]. The selectivity of this resin towards

copper becomes apparent when looking at the separation factors for citric acid

(Table A.17), in comparison to those of lactate and acetate media (Table A.11

and A.5, respectively), where the resin is far less selective (Figure 3.24). From

all media, this resin is shown to be the most selective towards the target metals

(copper, lead and zinc) over iron, from lactate and citrate media. Of all the resins

tested, this was, overall, the most effective at extraction of metals from solution,

maintaining relatively high extraction of all metals from solution from all media

tested.

Performance of MTS9501 in weak acid media

The aminophosphonic acid functionalised MTS9501 has been shown to have

a high affinity for iron(III) towards a H+ concentration through to ∼4M [130], while

towards higher pH values, the aminophosphonic acid functional group has a high

affinity for all of the focus metals in this study (copper, iron, lead and zinc) [112].

Despite this experimental data, there is little information for iron(II)/(III) or lead

complexes, however, the high stability constants of aqueous copper and zinc

complexes allude to extraction of both hard and soft species [126].
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Figure 3.24: MTS9301 separation factors of copper from iron, lead and zinc
extracted from acetate, lactate and citrate media at 20 °C after 24hr of contact
time.

The separation factors (Figure 3.25, Table A.6, A.12 and A.18, for acetate,

lactate and citrate, respectively) show that the MTS9501 has a high selectivity for

iron. Neither lactate media nor acetate media are a substantial hindrance of the

extraction of iron by this functionality. The citrate media, however, was able to

reduce the Kd values to <12.5 (still relatively high), with an outlier at pH 3.4 of

85, with these values decreasing to remain at ∼1 towards the higher studied pH

range, which still translates to an extraction of >90%. The extraction efficiency of

iron(III) by the industrial equivalent Duolite ES 467 has been shown to decrease

beyond pH 2 [123], which is contrary to what is observed with iron(II) in this study.

However, the use of complexing species within this study could be, to a certain

extent, preventing hydrolysis of the iron, and therefore preventing precipitation.

>99% of copper is removed from solution by the MTS9501 resin functionality

within acetate media, displaying Kd values between 2 and 4, with the extraction

increasing with pH. The extraction of copper from lactate media however, is

hindered to produce Kd values <0.5 (the presence of neutral CuLac2 or anionic

CuLac3
- assumed to be the major contributing factor), while within citrate media
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the extraction is restricted even more with a maximum Kd of 0.13 (with either

neutral CuHCit or anionic Cu2Cit22- and CuOHCit2- stabilising copper in solution).

While remaining low, the copper recovery within lactate media increases with an

increasing pH, this increase in extraction with a decrease in proton competition

has also been observed within strong acid media [130,148], which is similar case

to lead and zinc. While the complexation with the acid has hindered extraction

of metals by the aminophosphonic functionality, the competition for binding sites

between metals and protons has remained one of the driving factors in removal

of metals from solution.

Figure 3.25: MTS9501 separation factors of copper from iron, lead and zinc
extracted from acetate, lactate and citrate media at 20 °C after 24hr of contact
time.

Performance of C107E in weak acid media

The weak acid resin functionality is a similar structure to the complexing acids,

and therefore is assumed to have similar affinities towards the metals. This

similarity should allow for a tailored approach to the extraction of the metals,

manipulating pH either side of both resin functionality and weak acid species

in order to gain the desired extraction. The binding affinity of copper, lead and

zinc for the weak acid functionality seem to be higher than for the solution phase
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acetate, as their extraction increases beyond the approximate pKa of the weak

acid resin (assumed to be similar to formic acid, 3.75). While small values, and

therefore a very speculative statement, the extraction of copper from citric acid

is dictated highly by the complexation (Figure A.3a) in a similar fashion to the

thiourea based resin, with the extraction dropping substantially in conjunction with

the speciation change of solution phase copper.

Within acetic acid, changing the pH seems to allow for either the selective

extraction or rejection of iron, by shifting the pH either side of the acetate pKa,

this could possibly be due to the higher presence of the FeAc+ species beyond a

pH of 4; in this case, the decrease in concentration is observed beyond the pH

where Fe2+ complexes with acetate (Figure A.1b). This is also contrary to what

had been observed for ferric ions within a similar media where no Fe3+ had been

taken up by the weak acid resin throughout the same pH range [118].

Within lactic acid, all metals are stabilised within the solution, apart from lead,

potentially due to the higher ionic radius; allowing the Pb2+ ions to interact with

more functional groups on the resin surface. This stabilisation leads to large

separation factors for lead from copper, iron and zinc for this media, exceeding

50 (Table A.13). If lead were to be the target metal, a higher pH within lactate

media would allow for very selective extraction (assuming low concentrations of

metals unstudied).

Linking the functional group to formic acid, once again, the stability constants

of these metals with this functional group are relatively low when compared to

the largest constants of the other resins [126]. The available data shows increasing

stability constants with increasing ionic radii (with the exception of copper as the

strongest bound species) [126], with zinc displaying the least stable complex of the

studied metals. Within both acetate and lactate media, the metals are bound

in similar fashion to both the functional group and the complexing acid, as the
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singular carboxylic acid unit is present in both. The lactic acid moieties have far

higher binding strength than the acetic acid moieties possibly due to a conjugation

effect between the β hydroxy group and lactate being a stronger binding ligand,

this effect must not be present within the functional groups bound to the resin

surface, leaving lactic acid as a far stronger binding species. Again, citric acid

being a stronger binding agent than lactic acid (due to the three protonation sites),

it has been observed to restrict extraction by this functionality even more than

lactic acid.

3.2.5 Conclusions

The removal of metals from simulated weak acid sewage sludge leachates have

been studied, with promising results. The complexing nature of carboxylic weak

acids stabilise metal ions in solutions generating broader functional pH regions

for metal extraction. Depending on the metals present in solution, a variety

of different combinations of acids and resin functionalities could be used for

selective separation processes. While lactate complexes are more stable in

solution than acetate, neither of these ligands compared to the stability of citrate

complexes. The increased stability in solution could render extraction processes

more expensive, as more solid phase extraction stages would be required for

removal of the target metals. TP214 has a high affinity for copper, as well as iron

in acetate media, and must be taken out prior to a precious metals recovery stage.

The amidoxime functionalised resin MTS9100 is rendered ineffective in lactate

and citrate media. MTS9570 maintained a high affinity for iron within all media,

while decreasing extraction efficiency of copper, lead and zinc within lactate and

citrate media. The phosphonic acid functionalised resin MTS9501 is extremely

efficient at extracting copper and iron in acetate media, while only iron extraction

is maintained in lactate, lead extraction displays little response to the change

of buffer. The weak acid functionalised resin selectivity for lead was significantly

increased within lactic acid media, with speciation dependent extraction in acetate
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media. The MTS9301 IDA functionalised resin displayed the best performance for

metals in all media. This resin was especially effective at the removal of metals

from an acetic acid media, with high separation of copper. Further investigation

is required to understand the kinetics, as well as capacity of the MTS9301 resin

within these weak acid systems.
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Chapter 4

Single Metal Isotherm Studies

This chapter aims to determine the mechanism of extraction and capacity

of copper, iron(II), lead and zinc as a continuation of the resin screening

study (Section 3.2). An isotherm study was conducted on C107E, MTS9301

and TP214 within acetic acid at pH 4.5. The data was fit to the common

two-parameter isotherm models: Langmuir, Freundlich, Temkin and Dubinin-

Radushkevich. Mechanistic details and capacities determined by each model

has been compared to literature values of analogous strong acid systems, and a

review of each model, inclusive of the details each model can provide has been

conducted. This will allow for the further characterisation of the behaviour of each

resin within a clean simulated sewage sludge acetic acid PLS prior to the increase

in complexity of the system. This paper was accepted for publication by Chemical

Engineering Journal on 21/03/2020. DOI: 10.1016/j.cej.2020.124862
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4.1 Introduction

The work presented in this chapter follows on from the previous work by

attempting to understand the chemistry governing the reported ion exchange

behaviour; through isotherm loading experiments within the presence of the

complex-forming acetic acid, and as an understanding of resin capacity is

required to determine the number of stages required within a completed RIP

process, this study is imperative [89]. The novelty of this research is derived from

a new understanding of the competition between functionality and complexing

weak acid, departing from the generally studied strong mineral acid media (HCl,

HNO3 and H2SO4) [112]; adding to the body of literature an analysis of the effect the

complexing nature of acetic acid can have on resin capacity and thermodynamic

behaviours. This work is, in part, towards the understanding of ion exchange

processes proposed for a technique for the removal of base metals from sewage

sludge for recycling of both heavy metals and the phosphate within sewage

sludge.

4.2 Methods

Reagents and stock solutions

All chemicals used were of analytical grade or higher and purchased from

Sigma-Aldrich apart from glacial acetic acid, which was purchased from

VWR. MTS9301 (iminodiacetic acid functionality) and C107E (carboxylic acid

functionality) were supplied by Purolite, and Lewatit MonoPlus TP214 (thiourea

functionality), which was supplied by Lanxess (Table B.1, Figure 4.1). Ion

exchange resins were preconditioned to the protonated form by 24hr contact with

1 M H2SO4 (10 bed volumes) prior to washing with 50 bed volumes of deionised

water, then stored under deionised water.
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Figure 4.1: Chemical structure of the functionalities of the ion exchange resins
tested throughout this study (A = C107E, B = MTS9301, C = TP214; semicircles
represent the matrix).

Isotherm Loading Studies

Single metal contacts were conducted by contacting 2mLwsr with 50mL of

solution. Experiments were left for 24h to reach equilibrium on an orbital shaker

(250 rpm) at 20◦C. Single-metal solutions were made up, with concentrations

from 50-3000ppm with either the chloride salt of copper, iron(II) and zinc or

lead nitrate. Each solution was made to 0.5M acetic acid and 0.5M NaCl in

order to lower the impact of varying ionic strength and then adjusted to pH 4.5

using NaOH due to performances within the previous study and the proximity to

acetic acid’s pKa, allowing for dissociation of the acetic acid and complexation

of the acetate species. All samples were diluted in 1% nitric acid and analysed

using AAS (Perkin Elmer Atomic Absorption Spectrometer), experimental error

was calculated as two standard deviations of triplicate measurement of each pre-

contact solution. All pH measurements were conducted using a commercially

available Ag/AgCl electrode, calibrated using a four-point calibration.

Speciation Modelling

PHREEQC calculations were conducted using the Aqion interface for

PHREEQC modelling software [139]. Each model was generated as a single metal

and metals were entered into the models as chloride salts. All PHREEQC models

had a NaCl concentration of 0.5M, an acetic acid concentration of 0.5M, with an

open CO2 system calculated at 298K. The data generated by this modelling is

presented within Figure B.1.
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Predominance diagrams were generated using a combination of the

HYDRA [104] and MEDUSA [149] software packages, being a database of logK data

(at 25◦C) and software to create diagrams, respectively. The data obtained

using this software is presented in Figure B.2. To determine effect of metal

concentration on solution phase speciation, speciation modelling was carried out

using the HySS2008 software suite [125]. Speciation was modelled at a metal

concentration of 50-3000ppm, with the resultant speciation diagrams displayed

in Figure B.3. All complex stability constants attained for the modelling were

sourced from Bezzina, et al. (2019) [119].

4.3 Results

C107E

Plots of collected isotherm data for the extraction of Cu2+, Fe2+, Pb2+ and

Zn2+ from acetic acid solutions using C107E are displayed in Figure 4.2. The

initial slope of the isotherm for each metal is extremely gradual, bar Fe2+.

Pb2+ and Zn2+ were not seen to reach their experimental maximum loading

capacities (qmax) under the experimental conditions, whereas Cu2+ and Fe2+ were.

The experimentally observed qmax values for Cu2+ and Fe2+ were 0.004 and

0.002mol g−1, respectively.
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(a) (b)

(c) (d)

Figure 4.2: Concentration dependent extraction of copper (a), iron (b), lead (c)
and zinc (d) by C107E in acetic acid media (initial concentrations 25-3000ppm;
temperature 20◦C; 0.5M NaCl; 0.5M acetic acid; 2ml wet settled resin; 50ml
solution). The dashed lines in each figure represent the Langmuir model
(described later) fitted to the data.
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MTS9301

Plots of collected isotherm data for the extraction of Cu2+, Fe2+, Pb2+ and

Zn2+ from acetic acid solutions using MTS9301 are displayed in Figure 4.3.

The initial slopes for each metal are much steeper than those observed for

C107E, with lead displaying a much less sharp initial slope than the other

metals. In this case, both copper and zinc reach an adsorption of ∼0.004mol g−1,

however copper reaches this with an equilibrium solution concentration of

∼0.002M, whereas zinc saturates the resin at a Ce five times higher at ∼0.010M.

Experimentally, both lead and iron(II) reach a similar experimental maximum,

both reaching ∼0.002mol g−1, however iron(II) reaches this with a much lower

equilibrium solution concentration, and the sorption of lead seems to continue to

increase beyond the range of the isotherm.

(a) (b)

(c) (d)

Figure 4.3: Concentration dependent extraction of copper (a), iron (b), lead
(c) and zinc (d) of MTS9301 in acetic acid media (initial concentrations 25-
3000ppm; temperature 20◦C; 0.5M NaCl; 0.5M acetic acid; 2ml wet settled resin;
50ml solution). The dashed lines in each figure represent the Langmuir model
(described later) fitted to the data.
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TP214

Figure 4.4 displays the single metal isotherms of the adsorption of copper,

iron(II), lead and zinc to the surface of the thiourea based TP214 resin. In

this case copper is displays the largest experimental maximum adsorption, with

∼0.002mol g−1, while all other metals remain <0.001mol g−1. This high maximum

is also accompanied by a more definite plateau, while iron(II), lead and zinc

maximums are reached either more gradually, or seemingly not at all.

(a) (b)

(c) (d)

Figure 4.4: Concentration dependent extraction of copper (a), iron (b), lead
(c) and zinc (d) TP214 in acetic acid media (initial concentrations 25-3000ppm;
temperature 20◦C; 0.5M NaCl; 0.5M acetic acid; 2ml wet settled resin; 50ml
solution). The dashed lines in each figure represent the Langmuir model
(described later) fitted to the data.

4.4 Discussion

In all instances, excessive weak acid has been used in order to determine

the effect, if any, that the presence of the complex forming acetate anion has

on isotherm performance on each resin. The initial slopes of the isotherms for



96 CHAPTER 4. SINGLE METAL ISOTHERM STUDIES

the carboxylic acid (WA) functionality are extremely gentle, alluding to a weaker

interaction between this carboxylic acid functionality and the metallic ions. This

becomes of interest due to the similarity between the functionality on the resin and

the complexing acetate in solution, creating a competitive equilibrium between the

two species. While this is prevalent for the extraction of iron(II), which displays

a steep initial slope of the isotherm before a plateau, copper begins to show

binding hindrance, while zinc displays behaviour that leads to the assumption

of solution stabilisation. Due to solubility restraints regarding lead, saturation

was not observed. The behaviour of zinc counters what would be assumed

by the low stability constants of zinc acetate species (logβ of 1.79, 2.80 and

3.30 for CuAc+, CuAc2 and CuAc-
3, respectively vs 0.87 and 1 for ZnAc+ and

ZnAc2, respectively) [119], as the weak acid functionality has a decreasing affinity

for protons towards high pH values, which coincides with its capacity for zinc [150].

Contrarily, the initially weak interaction is not observed towards the

iminodiacetic acid (IDA) functionality, most likely due to the high strength of

the chelation or bidentate binding mechanism between these metals and the

functionality. Lead, however does not show such strong adsorption, leading

to the assumption of weaker interactions; creating a hypothesis of a different

mechanism due to the high ionic radius of lead preventing the chelation. The

adsorption isotherms of lead, zinc and iron(II) for the thiourea functionality

display the same hindrance seen for the adsorption of lead and zinc to the WA

functionality. This is assumed to be due to the weak interactions (inability for

ion exchange mechanisms) towards the thiourea functionality, which is further

justified by the extremely low experimental qe values. The copper isotherm for the

thiourea functionality, on the other hand, displays a steep initial slope, indicating

extremely strong interaction. This supports the previous observation of a redox

reaction between copper and thiourea [119].
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4.4.1 Isotherm Modelling

This section will describe models used to analyse data related to the extraction

capacities and thermodynamic properties of extraction for adsorbents. In each

instance, there are the values Ce (equilibrium solution concentration in M) and

qe (equilibrium concentration of adsorbed species in mol g−1), T is the temperature

in Kelvin and R is the universal gas constant (J · K-1 · mol-1) [151]. The models that

will be utilised for the data analysis within this study will be the commonly used two

parameter models, the Freundlich, Langmuir, Temkin and Dubinin-Radushkevich

isotherms [152]. In all cases, the best fit was determined by the r2 value of the

fit, and confidence intervals were obtained by the square root of the covariance

matrix of each model.

Homogeneity of Binding

This section will cover the use of the Freundlich and Langmuir models

in describing the heterogeneous or homogeneous nature of adsorption with

descriptions of capacities and intensity of binding. The Langmuir describes a

monolayer adsorption process, with interactions purely between the adsorption

species and adsorbent, with no co-extraction and generally more intense binding,

while the Freundlich model can be used to describe a system where adsorption

includes co-extraction of species and weaker interactions [152]. The Freundlich

model describes systems displaying a decrease in energy with increasing binding,

a relationship that is exponential [151]. This model is given by:

qe = aFC
bF
e (4.1)

where aF and bF are the Freundlich isotherm constants. The value aF

represents adsorption capacity [153–155] or relative adsorption capacity [152,156–161].

The parameter bF is either given as the degree of heterogeneity [152,154,156] or

intensity of adsorption [153,157–160]. When bF = 0 the reaction is irreversible, when
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0 <bF <1 there is favourable adsorption and when bF >1 there is unfavourable

or cooperative adsorption [154,158]; in this capacity the more ‘intense’ the binding

mechanism, the more homogeneous the binding surface, with less intense

processes leading to heterogeneous binding [152].

Table 4.1: Variables obtained by fitting the single metal isotherm data to the
non-linear Freundlich model.

Resin Values Copper Iron(II) Lead Zinc

C107E aF 0.05±0.02 0.008±0.003 0.8±0.3 0.07±0.03

bF 0.51±0.06 0.37±0.07 0.92±0.06 0.93±0.01

r2 0.905 0.776 0.979 0.956

MTS9301 aF 0.015±0.005 0.007±0.003 0.05±0.01 0.010±0.002

bF 0.23±0.04 0.28±0.05 0.47±0.04 0.24±0.02

r2 0.768 0.781 0.958 0.941

TP214 aF 0.0031±0.0004 0.008±0.004 0.012±0.003 0.0025±0.0007

bF 0.17±0.03 0.7±0.1 0.67±0.06 0.46±0.07

r2 0.893 0.896 0.970 0.888

The variables obtained by the fitting of the isotherm data to the Freundlich

model are displayed in Table 4.1. The interactions of lead and zinc with the WA

functionality displays very reasonable fits to this model (r2 of 0.979 and 0.956,

respectively), with copper displaying a tentative fit (r2 of 0.905), however the fit

to iron(II) was poor, with an r2 of 0.776. With the very poor fit of iron(II) in mind,

the intensities of adsorption generate the trend of Zn>Pb>Cu. The Freundlich

isotherm fit to the experimental data for the IDA functionality isotherms displayed

poor correlation to both copper and iron(II), while lead and zinc found reasonable

fits to this model (r2 values of 0.958 and 0.941, respectively), with zinc displaying

a higher intensity of binding than lead. The adsorption of lead to the thiourea

functionality displays a reasonable fit to this model (r2 of 0.970), no other metals

fit the model, with r2 values <0.9.
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The Langmuir model, unlike the Freundlich model, does follow Henry’s law as

concentration decreases [151], i.e. while at high concentrations it predicts constant

adsorption. This model is capable of describing monolayer sorption mechanisms,

and is given by:

qe =
qmaLCe

1 + aLCe
(4.2)

In this instance aL is the Langmuir isotherm constant (L · mol-1), related to the

sorption energy (equilibrium constant for the sorption of the species) and qm is

the monolayer capacity of the sorbent (mol g−1) [152].

Table 4.2: Variables obtained by fitting the single metal isotherm data to the
non-linear Langmuir model.

Resin Values Copper Iron(II) Lead Zinc

C107E aL 340±60 500±100 170±90 10±10

qm 0.005±0.001 0.0021±0.0008 0.009±0.004 0.02±0.03

r2 0.976 0.915 0.983 0.955

MTS9301 aL 11000±2000 2400±600 4800±400 11000±5000

qm 0.0043±0.0007 0.0023±0.0008 0.0021±0.0002 0.003±0.001

r2 0.975 0.928 0.992 0.909

TP214 aL 50000±20000 30±20 80±30 120±30

qm 0.001±0.001 0.0014±0.0008 0.0012±0.0005 0.0006±0.0002

r2 0.890 0.922 0.955 0.952

The Langmuir fits to the isotherm data of the adsorption of copper, lead and

zinc to the WA functionality (Table 4.2) display reasonable fits (r2 >0.95), with

iron(II) displaying a slightly more tentative fit of 0.915. The calculated theoretical

maximum adsorbance calculated by the Langmuir model for the WA functionality

dictates that zinc displays the highest capacity, with 0.02mol g−1, however the

high error, along with weak interaction, removes any credibility to this value,

regardless of the r2. The capacity trend then follows Pb>Cu>Fe, with lead

showing 0.009 mol g−1. The Langmuir isotherm fits the data obtained by the IDA
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functionality isotherm experiments quite well, all metals return r2 values >0.9,

with lead and copper returning values >0.97. The maximum sorption capacities

follow a trend of Cu>Zn>Fe>Pb, with copper’s theoretical sorption capacity being

0.0043 mol g−1. Neither the Langmuir nor Freundlich model was capable of fitting

the copper adsorption isotherm data for the thiourea functionality, with lead and

zinc being reasonably described and iron(II) showing a tentative relationship.

Copper displays more homogeneous binding behaviour for both the WA and

IDA functionalities, deriving theoretical qm values closely related to experimental

values and poor fits to the Freundlich model. This leads to the assumption that

the binding mechanism of both of these resins follows a monolayer coverage

with uniform binding energies and a more traditional equilibrium adsorption [154];

while similar to literature descriptions of copper adsorption reactions in strong

acid media [150,162–166], there is a much lower (although described by a tentative

fit) binding intensity for the adsorption of copper towards the carboxylic acid

functionality in within this study, emphasising a competition between carboxylic

acid functionality and solution phase acetate. Overall, both IDA and WA

functionalities have the highest capacity for the adsorption of copper from the

resins studied (both within error margins of each other), while thiourea lagged

behind in capacity; however, this is taken from an experimental observation as

the thiourea functionality data was a poor fit (r2 <0.9), although this could be due

to the degree of scatter within the experimental data

Iron(II) displays a poor fit to Freundlich towards all functionalities, with the

Langmuir providing a better description. Further alluding to monolayer adsorption

processes, the Langmuir model was able to predict the maximum loading capacity

for both the WA and IDA functionality, however due to the lack of saturation, the

values obtained by the fitting of the TP214 isotherms were difficult to compare

with certainty. Similarly, to the case of copper, the WA and IDA functionalities

displayed the highest capacity for iron(II), with thiourea remaining fairly low
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despite high Kd values towards lower concentrations [119] and high capacities

described in previous studies [153,167]. Modelling of the thiourea resin isotherm

with the iron(II) system poses a challenge due to the possibility of oxidation and

iron(III) precipitation; while oxidation is not modelled (Figure B.1b) within a closed

system, introduction of thiourea functionality and agitation of solution potentially

allows for the precipitation of Fe2O3 through an alteration in solution oxidation-

reduction potential (as alluded to in the predominance diagram in Figure B.2).

Lead displays a reasonable fit to the Freundlich and Langmuir isotherm (this is

true for all three resins), with little deviation from literature capacities (0.923 [168],

1.27 [169], 0.912mol g−1 [170] for WA, IDA and thiourea functionalities, respectively).

The WA functionality isotherm data, displays a similar fit to both models with a

low sorption intensity and the allusion to heterogeneous binding. IDA displayed

behaviour better fit to the monolayer sorption model with a binding intensity

indicative of more homogeneous behaviour. The thiourea functionality displays

a low binding intensity (although higher than the WA functionality), leading to the

assumption of a homogeneous binding mechanism. The heterogeneous nature

being alluding to a speciation dependent binding (with PbAc+, PbAc2 and PbAc3
-

present in solution), and similar functionalities describing more homogeneous

behaviour [150,162,166,169–173].

Zinc displays interesting adsorption behaviour, with little adsorption to the WA

resin, a closer fit to Freundlich for IDA functionality and a bias towards Langmuir

behaviour for the thiourea functionalised resin. Within both WA and thiourea

isotherm experiments, saturation was not reached due to complex competition

leading to low equilibrium adsorption at this pH (Kd values for such systems

have previously been reported as 0.174 for the WA functionality and 0.053 for

TP214) [119]; therefore, comparison of experimental and modelled capacities is

not possible. The maximum capacity determined by the Langmuir fitting of

the IDA functionality data is closer to the experimentally observed maximum,
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with the largest experimental value being ∼0.003 mol g−1, this coupled with the

low stability constants of each zinc-acetate complex leads to the assumption of

homogeneous binding.

Sorption Energies and Interaction

The D-R isotherm model (and the Temkin to a much lesser extent) can be used

to determine the energy associated with adsorption. From this, the adsorption

process (physisorption, ion exchange or chemisorption) can be determined and

therefore, to a small extent, the reversibility of the reaction as well as the potential

selectivity of a functional group for one ion over another. The Temkin model

describes systems that are heterogeneous in binding nature, similar to that of

the Freundlich model [174], however with a linear, not exponential decrease in

energy [151,175]. This isotherm is given by:

qe =
RT

bT
ln(aTCe) (4.3)

where R is the gas constant, T is the temperature of the experiment, bT is

the Temkin isotherm constant relating to the heat of sorption (Jmol−1) [176] and

aT is the Temkin equilibrium sorption isotherm constant (Lmol−1) relating to the

maximum adsorption capacity [177]. As with many of isotherm models this model

was devised for predicting gas-solid equilibrium isotherms, however in this case is

often a poor descriptor of liquid-solid adsorption [152], not only this but the Temkin

isotherm is assumed to only fit within a small region of the isotherm (ignoring

high and low values of concentrations) [154,158]; therefore, this model is often ill

equipped to describe a system effectively and will be used as supplemental to

the D-R isotherm.

The Temkin model is unable to describe the data obtained for the adsorption of

iron(II), lead and zinc to the WA functionality, with copper displaying the tentative
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Table 4.3: Variables obtained by fitting the single metal isotherm data to the
non-linear Temkin model.

Resin Values Copper Iron(II) Lead Zinc

C107E bt 2800±200 5900±600 5500±600 5900±900

at 7000±1000 5000±1000 15000±3000 1600±500

r2 0.922 0.842 0.859 0.787

MTS9301 bt 4300±400 6100±600 7600±500 7100±300

at 4±1×105 3±1×104 12±2×104 5±1×105

r2 0.911 0.908 0.953 0.980

TP214 bt 1700±100 1500±200 2200±300 2100±200

at 3±2×106 1300±500 7000±3000 1700±400

r2 0.925 0.813 0.825 0.924

r2 of 0.922 (Table 4.3), with a binding energy of 2.8±0.2kJmol−1. This model

displays reasonable fits to the sorption of lead and zinc to IDA, as both display the

most heterogeneous behaviour towards this functionality, with r2 values of 0.953

and 0.980, with copper and iron(II) having more tentative fits. The tentative

trend of sorption energies obtained therefore follows Cu<Fe<Zn<Pb. The

Temkin model returned tentative fits to both copper and zinc isotherms (r2 0.914

and 0.931, respectively) with binding energies of 1.7±0.1 and 2.1±0.2kJmol−1,

respectively, while both iron(II) and lead returned poor fits with this model (r2 0.831

and 0.847, respectively).

The Dubinin-Radushkevich (D-R) isotherm is used to determine the binding

energy of a specific sorption process, allowing characterisation of the adsorption

mechanism [151,152]. This isotherm is described by:

qe = qDexp
(−BD(RTln(1+ 1

Ce
))2) (4.4)

where qD is the capacity (mol g−1) [154,158,178], R is the gas constant and T is the

temperature at which the experiment is conducted. The constant BD related to

the free energy of adsorption, E (kJmol−1) [151,161], of the sorbate species to the
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surface of the resin. This can be calculated using:

E =
1√

2BD

(4.5)

Using this calculation, assumptions can be made of the binding mechanism

of the adsorption. If E is <8 kJmol−1the binding mechanism is assumed to

be physical (physisorption), 8 kJmol−1<E <16 kJmol−1it is assumed to be

ion exchange and if E is >16 kJmol−1then the adsorption mechanism can be

assumed to be chemical (chemisorption) [117,164].

Table 4.4: Variables obtained by fitting the single metal isotherm data to the
non-linear D-R isotherm model.

Resin Values Copper Iron(II) Lead Zinc

C107E qD 0.011±0.002 0.0034±0.0006 0.027±0.005 0.009±0.002

BD 7.0±0.7×10−9 6±1×10−8 1.02±0.06×10−8 1.6±0.2×10−8

E 8.4±.4 9.4±0.8 7.0±0.2 5.5±0.3

r2 0.943 0.842 0.985 0.953

MTS9301 qD 0.007±0.001 0.0039±0.0005 0.0067±0.0007 0.0044±0.0003

BD 2.5±0.4×10−9 3.7±0.6×10−9 4.5±0.3×10−9 2.5±0.2×10−9

E 14±1 11.6±0.9 10.5±0.3 14.0±0.6

r2 0.852 0.853 0.977 0.965

TP214 qD 0.0019±0.0001 0.0020±0.0004 0.0020±0.0003 0.0009±0.0001

BD 1.8±0.3×10−9 1.4±0.2×10−8 1.0±0.1×10−8 8±1×10−9

E 17±1 6.0±0.5 7.1±0.4 7.8±0.5

r2 0.919 0.918 0.961 0.928

For copper, lead and zinc, the D-R model fits quite well to the WA data (Table

4.4), as these metals return r2 values of 0.943, 0.985 and 0.953, respectively,

however iron(II) returns a low value of 0.842, therefore the values obtained are

more tentative. The free energies of adsorption for metals on the surface of

this resin follow a different trend, with the derived values following the trend

Fe>Cu>Pb>Zn, opposite to that of the Temkin values (with the omission of the
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extremely tentative iron(II) value), which is to be expected if the Temkin energies

relate to the energy required for binding. The isotherm data of lead and zinc

adsorption to IDA was adequately described by the D-R isotherm, with both

iron(II) and copper showing far less correspondence to the model (r2∼0.85),

leading to the tentative trend in energies of adsorption of Cu>Zn>Fe>Pb. The

thiourea functionality isotherm data for all metals returned a fit to the D-R model

with r2 values >0.91. The free energies of adsorption of this resin displayed a

different trend, with iron(II), lead and zinc displaying free energies within similar

regions (6, 7.1 and 7.8kJmol−1, respectively), while copper returned an energy of

17kJmol−1.

Copper displays an ion exchange mechanism for the adsorption to both IDA

(while tentative, it agrees with literatures values [164,165]) and WA functionality

(14±1 and 8.4±0.4kJmol−1). The free energy is tentatively much larger for

MTS9301, rationalised by a bidentate binding mechanism theorised by this resin,

forming much more stable chelation complex, while increasing the entropy of

the system, from the potential release of not only acetate ions but also two

protons from the IDA functionality; agreeing with a lack of interference of the

acetate species to copper extraction by IDA. The WA functionality does not

produce energy values that agree with literature sources, which allude to strong

ion-exchange extraction mechanisms (∼15kJmol−1) [165], whereas in this study

the competition between WA functionality and solution-phase acetate reduced

binding energy to 8.4±0.4kJmol−1. The Temkin binding energy for copper to the

WA functionality is much lower than that of IDA, due to a greater extent of ligand

transfer when adsorbed by the IDA functionalised resin.

The argument for a redox reaction between copper and thiourea can be further

justified by the calculation of high sorption free energies (17kJmol−1), alluding to

a chemisorption process, with the better fit to the Temkin isotherm (over Langmuir

and Freundlich) alluding to a heterogeneous binding mechanism, supported
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by the multitude of species formed by the redox reaction between aqueous

thiourea and copper(II) [144,179]. Studies within strong acid media (but low ionic

strength) do not display trends describing a similar redox process (free energy

of 5.28kJmol−1 [173,180]). However, thiourea has been previously observed to out

compete the binding of copper with solution phase citrate and lactate complexes,

having a high affinity for this ion over iron(II), lead and zinc [119], alluding to high

ionic strengths facilitating the reaction.

The poor fits of the WA and IDA functionality data to the D-R isotherm for

iron(II) leads to tentative assignments of the mechanisms as ion exchange. With

respect to the thiourea isotherm, the low oxidation-reduction potential required

for oxidation and precipitation at this pH throughout the isotherm concentration

range leads to the assumption of Fe2O3 formation (Figure B.2). Due to the high

concentration of iron within sewage sludge being deleterious to the adsorption of

other species, this precipitation is beneficial for the removal of the other metals.

Lead returned a free energy value closer to physisorption (7 kJmol−1) for the

carboxylic acid functionalised resin, despite the ability of this resin to extract

lead selectively from other complexing media [119]. The competition of lead-

acetate complexes (being 25% PbAc+, 50% PbAc2 and 25% PbAc-
3) and the

WA functionality led to a free energy of binding value higher than that of strong

acid media values (3.5kJmol−1) [172]. The much higher free energy reported for

IDA functionality is potentially due to the diacetic acid functionality creating a

bidentate ion exchange process, breaking the acetate complexation, which can

be supported by the Temkin binding energy, which is high, relative to the other

metals studied. Thiourea functionality displays physisorption binding energies

towards lead, again concurrent with the lack of exchangeable ions; interestingly,

higher energy than that of literature values [173].
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Zinc still displays far lower free energy of adsorption and binding energy

towards the WA resin, which could be explained by the extremely low stability

constants of zinc to carboxylic acid complexes [119], with a ligand transfer between

the carboxylic acid groups on the resin surface and solution phase acetate. The

free energy of adsorption related to the sorption to the IDA functionality implies

a strong ion exchange interaction, most likely to do with the chelating effect of

this functionality, allowing for the interaction between the nitrogen atom as well as

both carboxylic acid functionalities. Thiourea functionality displays physisorption

towards this metal through both free energy of adsorption, with the lowest overall

capacity calculated. Weak Van der Waals forces are the most likely present,

supported by the low Temkin binding energy calculated.

Correlation of Physical and Chemical Parameters to Modelled

Values

Summaries of the comparisons of values derived by isotherms to the ionic radii,

the average ∆H and ∆S of metal-acetate complex formation and electronegativity

are included in Table B.2, with the important findings displays in Figures B.7-B.10

in order to generate tentative correlations between ionic properties and isotherm

values. With the exception of zinc, the WA functionality seems to have the trend

of increasing capacity with electronegativity (Figure B.8), intensity of binding

and energy of binding however display a tentative decreasing trend towards

increasing electronegativity (Figures B.9 and B.10). This is understandable,

as this functionality relies purely upon the attraction to a negative charge for

extraction, and the behaviour of zinc corresponds to the extremely low stability

constants of zinc acetate complexes [119].

The qmax of the IDA functionality for metals depends, exponentially, on the ionic

radius of the metal observed; the smaller the ionic radius, the higher the capacity

(Figure B.7). The rationale for this is the chelating nature of the resin. This trend
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is again observed, linearly, when comparing the intensities of binding; leading to

the assumption that the equilibrium for this resin is dictated entirely by ionic radii.

The thiourea functionality results could be skewed due to the redox reaction that

occurs between thiourea and copper(II).

Capacities and Resin Performance

While mechanisms of binding and specific interactions of resins with a species

is fundamentally interesting; in order to gauge the relative performance of a resin

within the conditions specified, each system will be required to be compared to

other similar ion exchange systems. This section will focus on such a comparison,

using either the derived Langmuir or D-R capacities (dependent on which was

best-fitting). Within this section, all values of capacity will be converted from

mol g−1 to mg g−1 for comparison with the literature. These can be used as

justification for the choice and usage of a resin within the proposed resin-in-pulp

system.

The carboxylic acid and IDA functionalised resin displayed monolayer ion

exchange mechanisms towards copper(II), their capacities are 320±60 mg g−1

and 273±40 mg g−1, respectively, both being within error of one another; both

resins displaying capacities well beyond that of the bispicolylamine functionalised

M4195 (although recorded at pH 2) [181], which is an effective copper(II) extractor

at low pH values [112]. For the extraction of copper(II) from solution, the IDA

functionality is more prevalent within the literature among the commercially

available [163,164,166,182] (which include S930 [164] and S930+ [182], predecessors to

the MTS9300 and MTS9301 resins) and novel adsorbents [169,183,184]. However,

the extraction within this study is higher than many literature values double that of

S930 [164] and double that of the manufacturer’s specifications, giving rise to the

suggestion that two Cu2+ ions bind to one IDA functionality. Comparable literature

capacities have been achieved with the weak acid functionalised resin NDMC
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(novel) and C106 (Purolite), at 239.9 and 236.7mg · g-1, respectively [165], with

these values within error of the MTS9301 and C107E data from this study (C107E

being comparable to C106, though being described as a ‘potable water grade’

resin by the manufacturer data sheet).

Interestingly, the C106 resin displayed a free energy of copper adsorption

almost double that of C107E (15.04 kJmol−1vs 8.4±0.4 kJmol−1), with the NDMC

resin, C106 and IRC748 having free energy of adsorption >1 kJmol−1 [166] higher

than that of MTS9301 within acetic acid media; assumed to be due to the

stabilisation of the acetate complexes within solution. This alludes to the reason

for the decrease in capacities of the resins. The thiourea functionalised resin,

with a speculated redox reaction adsorption mechanism has the lowest capacity

of all three with a D-R isotherm capacity of 121±6mg g−1, which is comparable

to many modified silica and chitosan adsorbents [173,176,180,185]. The difference lies

with the large free energy value 17 kJmol−1, especially when considering the

other thiourea functionalised adsorbents [173,180]. While the stronger adsorption

of TP214 would be preferential for extraction from a sewage sludge pulp (due to

the preg-robbing from sewage sludge organic matter [93]), the far superior capacity

and the higher likelihood of regeneration of the MTS9301 resin makes it a better

choice.

Extraction of iron(II) was low for these resins, with all three functionalities

displaying lower affinities for iron(II) than all other metals. While this would not be

favourable with respect to the other metals, the low affinity for iron(II) is a positive

attribute for the resins to have in order to eliminate competition; as iron is of low

value and has no agricultural restrictions [34], it is not necessarily advantageous

to remove from the sludge. If iron(III) were to remain in solution, however, there

would be a tendency for thiourea functionalities to maintain a higher capacity

for this species, over iron(II); as a study conducted on functionalised chitosan

displayed a 71.9mg g−1mg g−1capacity for iron(III) compared to a 48.3mg g−1
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capacity for iron(II), however this was synthesised with an iron(III) template [153],

with unmodified chitosan having higher capacity for iron(II) at 51.81mg g−1 [167].

This could also, however, be explained by the potential for precipitation of

Fe2O3 (Figure B.2).

The calculated capacities of C107E and TP214 for lead were unreliable, due

to the under-saturation, and the potentially heterogeneous mechanisms. The

extrapolation required for C107E and TP214 devalues calculated values for

capacities, leaving the only reliable capacity being that of MTS9301 returning a

capacity of∼400 mg · g-1. The high capacity of MTS9301 for lead within this study

unperturbed by the acetate complexes, being on par with commercial and novel

macroporous alternatives [150,162,166,169–172], and outperforming cheap, alternative

sorbents (activated carbon, inorganic sorbents and biomass materials [186–188]).

At the pH that these experiments were conducted at, zinc did not display high

distribution coefficients towards the C107E resin [119], due to this low equilibrium it

was difficult to convincingly predict maximum capacities for zinc to the surface

of the resin, as a maximum value was not reached. Therefore, the highest

maximum value calculated for zinc was via D-R isotherm, calculated at 600±100

mg g−1. However, again, due to the poor Kd values obtained, these capacities

are unreasonable to assume as correct. MTS9301, on the other hand displays

capacities that are reasonable at 200±70mg g−1 assuming homogeneous binding

(Langmuir behaviour), also displaying double the milliequivalent capacity of the

manufacturer specifications, alluding to the binding of two Zn2+ ions to each

IDA functional group. Both of these resins display, experimentally, a higher

capacity for zinc than the thiourea functionalised resin, which was reported to

have a monolayer capacity of only 40±10mg g−1. Interestingly, the thiourea

functionality was found to display the highest capacity from the literature, with the

IDA functionalised IRC748 displaying only 19.7 mg · g-1 [163], but a novel thiourea

functionalised adsorbent displaying a capacity well beyond that of this study with
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226.32 mg · g-1 (although at pH 7) [189], also out-competing studies conducted on

strong acid functionalised resins, with capacities of∼40mg g−1 to 70mg g−1 [117,190].

Interestingly, while the acetate moiety does affect the performance of each

resin, it is not necessarily deleterious to the entire performance of each resin.

The carboxylic acid functionalised C107E is effective at the removal of lead from

solution, with saturation not reached within this study, whether there are kinetic

limitations with this extraction or not will need further research. TP214 displays

an extremely strong affinity for copper, while lacking in capacity for all other

metals. The strength of binding between the thiourea functionalised resin and

copper, apparent towards much lower pH values, generates the possibility of a

highly selective process for the removal of copper from a sludge high in copper

concentration with potential for high returns. Overall, however, the most effective

extractant was MTS9301, with reasonably high free energies of binding and high

capacities. The capacity for lead wasn’t as high as for C107E, but on par with

literature sources. Within the resin-in-pulp process, each of these resins could be

utilised for their own purpose, depending on the contaminant metals, and whether

the focus is extraction of value from metals or from phosphate nutrients.

4.5 Conclusions

Single metal isotherm analysis of C107E, MTS9301 and TP214 has been

conducted for copper, iron(II), lead and zinc. This is, in part, work towards

the removal of metals from sewage sludge by resin-in-pulp. Consideration of

the effect of acetate complexation on performance and mechanism has been

discussed.

Copper was found to undergo a homogeneous binding mechanism to the

surface of C107E and MTS9301, both having free energies of adsorption

(calculated by the D-R isotherm, however with a poor fit to the MTS9301 data)
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relating to ion exchange mechanisms; the acetate media hindering the weak

acid resin performance. TP214, displayed a free energy of adsorption relating

to chemisorption, higher than the other metals studied, further alluding to a

proposed redox reaction. The C107E and MTS9301 resins both displayed

capacities for copper that were similar to those reported in literature sorbents,

while TP214 lagged behind in performance (while maintaining a large free

energy).

While there is a possibility for iron(II) to oxidise and precipitate, it was assumed

throughout the study that iron(II) would likely remain the dominant species in

solution at this pH. This species still, however, displayed poor performance

throughout. While this metal had the lowest reported capacities, extraction of

this metal is not a required feature of the selected resin, therefore advantageous

to the proposed system resin-in-pulp system.

For all resins studied within this body of work, lead was observed to display

the most heterogeneous binding to the resin surfaces because of the variety of

complex species in solution. The capacity of MTS9301 for lead was similar to

that described by literature, while saturation was not attained by either C107E

or TP214, due to competition between adsorption and acetate complexation. In

both cases, this competition increased the reported D-R free energy of adsorption

relative to strong acid media.

For C107E and TP214, zinc loading was not observed to reach saturation,

assumed to be hindered by acetate media due to weak interactions with functional

groups. C107E and MTS9301 both returned relatively close fits to Langmuir

and Freundlich models, returning values relative to high homogeneity. The most

reliable capacity value returned from the monolayer sorption model was that of

MTS9301 which is comparable to the higher literature values, while TP214 was

found to perform poorer than literature thiourea studies.
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Of the resins studied within this body of work, MTS9301 was the best overall

performer. The selectivity of thiourea for copper (and the strong interactions

between), warrants further inspection, while C107E displayed a higher capacity

for lead and had similar performance for copper, however poor performance with

regards to zinc. The complexing nature of MTS9301 has given this resin a strong

recommendation in the selection of a resin within the resin-in-pulp system.
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Chapter 5

Multi-Metal Adsorption Systems

Summary

This chapter will report the multi-metal isotherm and kinetics of Cu, Fe(II), Pb

and Zn adsorption to C107E, MTS9301, TP214 from acetate media to understand

the effect of a complex multi-metal system on resin performance. Mixed metal

isotherm data was fit to common two parameter isotherm models, while also

being fit to a Langmuir model proposed to be modified for desorption/competition,

and kinetic data has been fit to common two parameter kinetic models. C107E

showed fast kinetics for the adsorption of lead, above that which the trend in ionic

radii had predicted (half-life of 26±3min), with all other metals lagging behind

(half-lives >90min), while displaying the least desorption for both copper and

lead. MTS9301 resin displayed different behaviour for lead, as well, displaying

behaviour similar to that of C107E (half-life of 25±5min). MTS9301 displayed

high levels of desorption beyond a point of saturation by copper ions, however

also showed the smallest half-lives towards all metals. C107E and MTS9301

showed far slower half-lives for iron(II) than the other three metals in solution.

TP214 proved reasonably effective for the removal of copper, while rejecting all

other metals as determined by the poor uptake observed with both the mixed

metal isotherm study and the rejection after 20-60min.

115
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5.1 Introduction

Complicated multi-metal isotherms are rare within literature, with very little

explanation of the effect that saturation can have on resin capacity for specific

metals or competition dependent desorption. With the leaching of metals from

sewage sludge leading to varying concentrations of a multitude of metals, these

are issues that will be reported within a complicated synthetic PLS. Kinetic

parameters can also be diffusion dependent, and therefore are also likely to be

hindered by a RIP process with a high solids content and adsorbent species

content such as sludge. This study will be used to understand the multi-

metal behaviour with isotherm studies, with an attempt at modelling competitive

adsorption-desorption processes as well as including a thorough investigation

of the kinetically limiting factors created by the acetate complexes in multi-metal

systems and the most common adsorption kinetic models, as a continuation of the

work conducted within Chapter 4. This study will be utilised in order to determine

the parameters surrounding the ion exchange resin required for initial studies into

the RIP process for the extraction of heavy metals from sewage sludge.

5.2 Methods

Reagents and analysis

All chemicals used were of analytical grade or higher and purchased from

Sigma-Aldrich apart from glacial acetic acid, which was purchased from VWR.

MTS9301 and C107E were supplied by Purolite, and Lewatit MonoPlus TP214,

which was supplied by Lanxess. All ion exchange resins were preconditioned

by 24 hour contact with 1M H2SO4 (10 bed volumes) prior to washing with 50

bed volumes of deionised water. Analysis was conducted via AAS, as described

within Chapter 2.
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Extraction Isotherms of Metals from Acetic Acid Media

Isotherms were undertaken to understand the capacity of MTS9301, C107E

and TP214 for Cu2+, Fe2+, Pb2+ and Zn2+. Due to the large influence of equilibria

on the values obtained, and therefore influence that molar ratios will have on

each adsorption reaction, equimolar solutions were generated. Solutions were

made up as mixed metal solutions of 200mM each metal. Each solution was

made to 0.5M acetic acid and 0.5M NaCl and then adjusted to pH 4.5 using

NaOH. Volumes of 20-400mL of solution was then contacted with 2mLwsr of the

ion exchange resin and agitated for 24h on an orbital shaker.

Extraction Kinetics of Metals from Acetic Acid Media

Kinetic experiments were undertaken for MTS9301, C107E and TP214, in

order to gain an understanding of the mechanism and kinetic behaviour of each

resin. Solutions for kinetic experiments were generated by creating mixed metal

solutions of 200ppm Cu2+, Fe2+, Pb2+ and Zn2+. Each solution was made to

0.5M acetic acid and 0.5M NaCl, then adjusted to pH 4.5 using NaOH. A 500mL

volume of solution was contacted with 10mLwsr over a 24h period of agitation on

an orbital shaker, with ten 1mL samples taken between 0 and 24h.

5.3 Results

C107E

The C107E mixed metal isotherm is shown in Figure 5.1 with copper, iron(II),

lead and zinc (Figures 5.1a-5.1d). The extractions of copper, lead and zinc

display weak interactions, with gentle initial slopes, however, copper and lead

reach an experimentally observed maximum of ∼1.1mmol g−1 (lead not reaching

saturation), while zinc reaches∼0.3mmol g−1 without displaying typical saturation.

Iron(II), unlike the other three, displays a step initial adsorption isotherm, with a
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low maximum capacity of ∼0.3mmol g−1 and low levels of observable desorption

and a large degree of scatter.

(a) (b)

(c) (d)

Figure 5.1: Concentration dependent extraction of copper (a), iron (b), lead (c)
and zinc (d) by C107E in acetic acid media (initial concentration 200mmol L−1;
temperature 21◦C; 0.5M NaCl; 0.5M acetic acid; 2ml wet settled resin; 20-400ml
solution).

The C107E kinetics are displayed (metal adsorbed as a function of time) in

Figure 5.2. The adsorption of copper and iron to the carboxylic functionality

is perceivably slower than that of zinc and lead, with equilibrium reached at

>750min, while both lead and zinc were able to reach an equilibrium at >500min.

Again, C107E displays stronger adsorption interactions towards copper and lead

than zinc and iron (Figure C.4).
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Figure 5.2: Time dependent extraction of copper (a), iron (b), lead (c) and zinc
(d) by C107E in acetic acid media (initial concentration 200ppm; temperature
21◦C; 0.5M NaCl; 0.5M acetic acid; 10ml wet settled resin; 500ml solution).

MTS9301

Figure 5.3 displays the plots of the mixed metal isotherm data of copper, iron(II),

lead and zinc. Copper is extracted to ∼1.6mmol g−1, with a rapid increase in the

qe to Ce ratio occurring until ∼0.5mmol g−1 where it begins to display a lower

gradient. Iron(II), lead and zinc display a peak of metal on the resin’s surface

before displaying desorption. Iron(II) adsorption peaks at qe ∼0.5mmol g−1 at Ce

∼0.2mmol g−1, while lead and zinc peak at ∼0.4mmol g−1.
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(a) (b)

(c) (d)

Figure 5.3: Concentration dependent extraction of copper (a), iron (b), lead (c)
and zinc (d) of MTS9301 in acetic acid media (initial concentration 200mmol L−1;
temperature 21◦C; 0.5M NaCl; 0.5M acetic acid; 2ml wet settled resin; 20-400ml
solution).
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The MTS9301 performance as a function of time is reported in Figure 5.4.

The equilibrium of copper adsorption to the MTS9301 resin occurs first, out of

the four metal ions, this rapid equilibrium is reached <250min. Iron(II), zinc and

lead are all much slower to reach equilibrium at >500min. In this instance, the

resin displays a similar affinity to all species, with these values equating to ≥90%

extraction by the end of the 24h contact (Figure C.5).

Figure 5.4: Concentration dependent extraction of copper (a), iron (b), lead
(c) and zinc (d) of MTS9301 in acetic acid media (initial concentration 200ppm;
temperature 21◦C; 0.5M NaCl; 0.5M acetic acid; 10ml wet settled resin; 500ml
solution).

TP214

The mixed metal adsorption isotherms for copper, iron(II), lead and zinc onto

TP214 are displayed in Figure 5.5). Copper displays a maximum experimental

adsorption capacity of ∼1.125mmol g−1, slowly increasing beyond the limit of this

study. Iron(II), lead and zinc show poor extraction, however, with the adsorption

maximum of lead being an order of magnitude lower than copper, and two orders

of magnitude lower for iron(II) and zinc.
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(a) (b)

(c) (d)

Figure 5.5: Concentration dependent extraction of copper (a), iron (b), lead
(c) and zinc (d) TP214 in acetic acid media (initial concentration 200mmol L−1;
temperature 21◦C; 0.5M NaCl; 0.5M acetic acid; 2ml wet settled resin; 20-400ml
solution).
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The results of the TP214 kinetic study are presented in Figure 5.6. This

displays, once again, high affinity for the copper ions from solution, with

equilibrium being reached between 500 and 750min. Iron(II) is not uptaken within

this media, as it remains at a low concentration on the surface of the resin. Both

lead and zinc begin with a high extraction rate, before reducing in uptake past

100min, and drifting back into solution.

Figure 5.6: Concentration dependent extraction of copper (a), iron (b), lead
(c) and zinc (d) of TP214 in acetic acid media (initial concentration 200ppm;
temperature 21◦C; 0.5M NaCl; 0.5M acetic acid; 10ml wet settled resin; 500ml
solution).

5.4 Discussion

Mixed Metal Isotherms

Copper and lead display the highest observed capacities with respect to

C107E (both reaching ∼1.2mmol g−1). Both of these metal seemingly display

two distinct regions, most likely where metal-proton exchange transitions to

metal-metal exchange or coextraction of the copper and lead metallic species,

hindering capacity. While iron(II) displays an adsorption maximum similar to

that of zinc, before plateauing with a large level of scattering within the data.

In contrast MTS9301 displays a clear affinity for copper above all other metals,

with each other metal being desorbed for further copper adsorption, creating a
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second, more linear adsorption profile for copper. Similarly to MTS9301, TP214

displays an obvious preference to copper, however the deleterious nature of this

adsorption is emphasised by the negligible adsorption of all other species.

Comparison to Single Metal Isotherms

The multi-metal isotherm systems will be fit to the Freundlich, Langmuir, Temkin

and Dubinin-Radushkevitch (D-R) models. The majority of isotherm models have

been generated to describe the adsorption of a singular gaseous species to the

surface of a solid adsorbent, therefore they quite often pose difficulty when fit

to solution-phase systems; a difficulty that is further compounded by the co-

existence of multiple solution-phase species competing for the resin surface. This

becomes especially prominent towards saturation of the resin where the binding

mechanisms change. The models given in Table 5.1 briefly outline the models

that will be used for comparison of the multi-metal isotherm data to the single

metal isotherm data from the previous chapter (Chapter 4).

Table 5.1: Two-parameter single-metal isotherm models used within this
study [151].

Name Model
Freundlich qe = aFC

bF
e

Langmuir qe = qmaLCe

1+aLCe

Temkin qe = RT
bt
ln(atCe)

D-R qe = qDexp
(−BD(RTln(1+ 1

Ce
))2)

Briefly, the Freundlich isotherm determines the heterogeneity of the binding

of a species to the resin surface, giving the parameters aF (relative sorption

capacity) and bF (intensity of binding). The Langmuir model describes a system

undergoing monolayer sorption, determining the monolayer sorption capacity, qm

(mol g−1) and the Langmuir isotherm constant, aL (Lmol−1). The Temkin isotherm

is capable of describing the binding energy of a heterogeneous system within
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a restricted capacity, where the Temkin constant bt (Jmol−1) is related to the

heat of sorption, with at being the Temkin isotherm constant. The D-R isotherm

is capable of determining the resin capacity (qD, mol g−1) as well as the D-R

constant, BD, which is related to the free energy of binding, E (kJmol−1) by [151]:

E =
1√

2BD

(5.1)

Table 5.2: Variables obtained by fitting the mixed metal isotherm data of C107E,
MTS9301 and TP214 to the Freundlich isotherm model.

Resin Values Copper Iron(II) Lead Zinc

C107E aF 0.2±0.1 – 1.1±0.7 2±2

bF 0.75±0.08 – 0.98±0.09 1.4±0.1

r2 0.947 0.497 0.944 0.942

MTS9301 aF 0.3±0.2 19±6×10−4 – –

bF 0.60±0.07 0.18±0.03 – –

r2 0.874 0.808 0.330 0.721

MTS9301 aF – 0.006±0.002 0.011±0.005 0.003±0.002

Altered bF – 0.28±0.03 0.44±0.05 0.26±0.05

r2 – 0.929 0.949 0.876

TP214 aF 0.017±0.007 76±6×1015 – –

bF 0.29±0.04 7±1 – –

r2 0.904 0.856 0.532 0.477

The values obtained by fitting the Freundlich model are displayed in Table 5.2.

Overall, the C107E Freundlich isotherm fits reasonably well to this data, with

iron(II) being the only metal attaining a r2 value <0.9 (copper, lead and zinc being

0.947, 0.944 and 0.942, respectively). The relative capacities calculated by this

model display the best performance by lead (1.1±0.7) with copper following with

0.2±0.1, while the value for zinc is meaningless with respect to error. Due to

the eventual reduction of metal uptake, the models were also fit to data sets for

MTS9301 that were altered so that experimental qe is equal to the experimental

qmax, for the sake of comparison. The altered data sets for lead and iron(II)
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display the best fits to this model (r2 of 0.949 and 0.929, respectively), with the

whole dataset for copper and the altered data set for zinc returning r2 values

of <0.9. The tentative lowest sorption intensity determined was that of copper

(0.60±0.07 and also the highest relative capacity, tentatively), followed by lead

with 0.44±0.05 and then zinc (again, tentative) and iron(II) with 0.26 and 0.28,

respectively. The deleterious nature of the binding of copper(II) to the thiourea

functionality has led to an inability of this resin to adsorb any other metal, returning

an r2 of 0.904 for copper (iron(II) being the only other metal with a tentative r2,

displaying extremely low binding intensity), however with a low relative capacity

compared to C107E and MTS9301, and a much higher binding intensity.

Table 5.3: Variables obtained by fitting the mixed metal isotherm data of C107E,
MTS9301 and TP214 to the Langmuir isotherm model.

Resin Values Copper Iron(II) Lead Zinc

C107E aL 600±200 – 100±200 –

qm 0.0027±0.0006 – 0.01±0.01 –

r2 0.947 0.639 0.949 0.888

MTS9301 aL 9±3×103 16±3×104 – 10±3×104

qm 22±3×10−4 47±2×10−5 – 37±2×10−5

r2 0.919 0.971 0.600 0.885

MTS9301 aL – 13±2×104 8700±900 8±3×104

Altered qm – 49±2×10−5 43±2×10−5 40±1×10−5

r2 – 0.971 0.992 0.878

TP214 aL 22±7×105 – –

qm 11±1×10−4 – – –

r2 0.906 0.241 0.523 0.482

In a similar fashion to the Freundlich isotherm, the Langmuir displays

reasonable fits for the adsorption to C107E of both copper and lead (r2 of 0.947

and 0.949, respectively) (Table 5.3). Due to the low capacity and interactions

between this functionality and iron(II) and zinc (observed within the single metal

system [124]), the values of this fit become meaningless. Lead then displays a
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capacity an order of magnitude higher than that of copper, however with lead

errors leaving meaningless values (0.01±0.01 and 0.0027±0.0006mol g−1, for

lead and copper, respectively). The Langmuir model fits the MTS9301 isotherm

data for copper and the altered data for iron(II) and lead reasonably well (r2

0.919, 0.972 and 0.992, respectively), while failing to describe zinc data (r2 <0.9).

The modelled qm for copper is 0.0022±0.0003mol g−1, with the altered data sets

following the tentative trend Fe >Pb >Zn and a tentative trend of Pb <Cu <<Zn

<<Fe for the values of aL. TP214 isotherm data, again, fails to describe all data

apart from copper; returning the qm of copper as 0.0011±0.0001mol g−1, and a

value for aL much higher than all other values returned within this study.

Table 5.4: Variables obtained by fitting the mixed metal isotherm data of C107E,
MTS9301 and TP214 to the Temkin isotherm model.

Resin Values Copper Iron(II) Lead Zinc

C107E bt 5200±300 – 4600±300 12000±1000

at 7600±500 – 7700±600 1900±200

r2 0.973 0.540 0.952 0.895

MTS9301 bt 4900±300 50000±7000 – –

at 94000±8000 3±2×107 – –

r2 0.959 0.841 0.397 0.396

MTS9301 bt – 46000±8000 25000±900 –

Altered at – 2±2×107 80000±6000 –

r2 – 0.819 0.994 0.297

TP214 bt 16000±2000 7200±900 – –

at 10±6×107 34±4×10−5 – –

r2 0.868 0.898 0.523 0.487

The Temkin model displays the best fits for C107E adsorption copper and lead,

with r2 0.973 and 0.952, respectively while zinc displays a tentative fit (r2 0.895)

and iron(II) is not described at all (Table 5.4); the tentative trend in binding energy

values following Pb >Cu >>Zn. This model fits the data for MTS9301 is again,

unable to fit the data for iron(II) or zinc (altered datasets), with copper and the
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altered lead dataset fitting reasonably well (r2 0.959 and 0.994, respectively).

Lead adsorption returned a much higher binding energy than copper, far more

pronounced than what was observed within a single metal system [124]. This model

fits the copper TP214 data poorly (r2 0.868) better describing the data for iron(III),

however still tentative (r2 0.898).

Table 5.5: Variables obtained by fitting the mixed metal isotherm data of C107E,
MTS9301 and TP214 to D-R isotherm model.

Resin Values Copper Iron(II) Lead Zinc

C107E qD 0.011±0.003 – 0.028±0.008 0.019±0.009

BD 84±8×10−10 – 106±8×10−12 17±2×10−9

Energy 7700±400 – 6900±300 5400±300

r2 0.936 0.528 0.957 0.940

MTS9301 qD 0.015±0.004 8±1×10−4 – –

BD 52±6×10−10 15±2±10−10 – –

Energy 9800±600 19±2×103 – –

r2 0.890 0.861 0.381 0.768

MTS9301 qD – 14±2×10−4 16±3×10−4 10±2×10−4

Altered BD – 21±2×10−10 41±4×10−10 22±4×10−11

Energy – 15000±800 11000±600 15000±1000

r2 – 0.950 0.964 0.892

TP214 qD 34±7×10−4 2±8×105 – –

BD 20±3×10−10 9±1×10−8 – –

Energy 16±1×103 2400±200 – –

r2 0.915 0.858 0.530 0.480

The D-R isotherm fits well to the adsorption of copper, lead and zinc to C107E

(r2 of 0.936, 0.957 and 0.940), while fitting poorly to iron(II) (Table 5.5). In a

similar fashion to the Langmuir isotherm C107E displays the highest capacity

for lead, then showing capacities for Zn >Cu, with free energies of binding

displaying returning the trend Cu >Pb >Zn. For MTS9301, the D-R model fits

reasonably well to the altered data sets of iron(II) and lead, with both copper and

zinc displaying r2 of ∼0.89; while the qD values being a reasonable estimate for
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copper experimental adsorption maximum, this value was a far over estimation

for iron(II), lead and zinc. The free energies of adsorption return iron(II) and

zinc as the strongest binding species to this functionality, followed by lead then

copper. This model again only fit tentatively to copper, with iron(II) r2 being <0.9

and the iron(II) capacity being nonsensical; the capacity for copper is returned as

0.0034±0.0007mol g−1, which is beyond that recorded, however the free energy

of adsorption is a reasonable value (16±1kJmol−1).

The intensity of binding of copper to C107E was much lower than that

observed in the single metal system, at 0.76 (versus 0.51) [124], leading to the

assumption of competition causing a more heterogeneous binding mechanism;

this is observable in the experimental data, with the almost two stage adsorption

isotherm profile. The weaker binding intensity is then reflected within the

D-R isotherm, with energies of binding within the multi-metal system being

0.7kJmol−1 lower than they are within the single metal system (7.7±0.4kJmol−1 vs

8.4±0.4kJmol−1); this comparison is again compounded by the large difference in

Temkin binding energies (5.2±0.3kJmol−1 vs 2.8±0.2kJmol−1), better describing

the later metal-metal exchange lending to its ability to describe heterogeneous

mechanisms [124]. The adsorption of copper to MTS9301 displays a more intense

binding mechanism than C107E, at 0.60±0.07, however, is ill-described by the

Freundlich model in this instance.

The more heterogeneous binding reported for multi-metal MTS9301 copper

adsorption (although tentative) could be explained by the metal-metal exchange

as opposed to proton-metal exchange as saturation increases, and again,

although tentative, is evidenced by the decrease in binding energy with

comparison to the single metal system (9.8±0.6kJmol−1 vs 14±1kJmol−1 [124]).

With respect to TP214, the intensity for both mixed metal and single metal

isotherms is large (0.29 and 0.17, respectively, however fitting slightly better within

a mixed metal system), again alluding the irreversible redox reaction. This is



130 CHAPTER 5. MULTI-METAL ADSORPTION SYSTEMS

further justified by the large energy of binding that remains, with 16±1kJmol−1

remaining close to an energy related to chemisorption. For both C107E and

MTS9301, the multi-metal capacity of copper was seen to decrease (5±1

to 2.7±0.6mmol g−1 and 4.3±0.7 to 2.2±0.3mmol g−1, respectively). TP214

displayed a seemingly increased capacity with comparison of the D-R isotherm

capacities (1.9±0.1 to 3.4±0.7mmol g−1), however this is inclusive of a large

extrapolation, and the multi-metal Langmuir capacity is much closer to the value

obtained without competitive sorption.

The multi-metal isotherm results for the adsorption of iron(II) to C107E

fit neither Freundlich nor Langmuir (potentially due to the scatter in data),

however adsorption to MTS9301 does display a better fit towards the Langmuir

model. This species displays highly homogeneous binding towards the MTS9301

iminodiacetic acid functionality within a mixed metal system, although, the

capacity is decreased severely due to desorption and competition with copper

towards higher volumes (0.47±0.02mmol g−1 vs 2.3±0.8mmol L−1 in the single

metal system (Chapter 4)). The poor performance of the TP214 resin is attributed

to the deleterious nature of the copper binding, and is therefore excluded from the

remaining isotherm discussion.

The adsorption of lead to C107E displays a reasonable fit to both Langmuir

and Freundlich adsorption models, however the binding intensity is extremely

low (0.98), leading to the assumption of heterogeneous adsorption. This

heterogeneity is also observed within the single metal system, both displaying

low free energies of adsorption, close to that indicative of physisorption. Similarly

to the copper system, the binding of lead to C107E also displays two distinct

adsorption curves within the adsorption profile, seemingly a ‘before and after’

competition between metals for binding sites, supporting this higher level of

heterogeneity in the adsorption intensity. While the multi-metal data for the

adsorption of lead to MTS9301 does display a better fit to the Langmuir model,
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the intensity of binding returned by the Freundlich model suggests a more

heterogeneous binding mechanism (more so than the single metal system).

The free energies of single and multi-metal fits display overlapping errors

(∼11kJmol−1), however the reduced dataset reveals a much lower capacity

than the single metal capacity for lead in the presence of copper competition

(0.43±0.02mmol g−1 vs 2.1±0.2mmol g−1).

Within this study, the adsorption of zinc to C107E was poorly modelled due

to its low interaction with the functionality, also observed within the single

metal system [124]. Again, zinc adsorption to MTS9301 was poorly modelled

(r2 <0.9), however from what information was attained: binding intensity was

similar between the multi-metal and single metal systems, however the multi-

metal system displays a severely hindered monolayer capacity (3±1 for the single

metal system vs 0.40±0.04mmol L−1 for the multi-metal system). The energies of

binding determined by fitting the zinc adsorption to both C107E and MTS9301

(altered datasets) returned free energies of binding within error for both the single

and multi-metal systems.

Mutlimetal Modelling

Due to the competitive nature of the binding of metals to each resin surface,

lower capacities and, in the case of MTS9301, desorption is observed. Not

one of the above single metal isotherm models are capable of predicting the

level of desorption/competition observed in the multi-metal system. There have

been multiple attempts to model these interactions in the past for two metals

or more [191–193], however there are a few difficulties with the modelling of these

systems, especially considering the level of saturation and desorption observed

in this study. With the use of an extended Langmuir [193] it is possible to fit and

obtain data from multi-metal isotherms with infinite species, however this model

does not predict a system that displays high levels of desorption, relying on initial
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fits to single metal isotherm models.

Modification of the Langmuir model in order to describe the desorption

phenomena observed within this study, can give insight into the operational qmax

of the resin for each metal. Due to the parabolic nature of a saturated multi-metal

isotherm, it is possible to add a parameter to describe this trend. The desorption

of one metal in place of another metal will be attempted to be described by the

inclusion of such a parameter, with:

qe =
qmaLCe

1 + aLCe
− desCdes

e (5.2)

where des is an arbitrary parameter describing the concentration dependent

extent of desorption. While this does not take into account interactions of

specific metals, it is able to model a system with high competition between

species and a large affinity for one species over many other. The inclusion of

a secondary parameter could allow for a better fit to each dataset, however the

more parameters included within a function, the more difficulty there is in the

assigning meaning to the parameter, therefore going forward this desorption-

modified Langmuir will be used to describe metallic capacities.

Table 5.6: Variables obtained by fitting the mixed metal concentration
dependence data of C107E and MTS9301 to the desorption-modified Langmuir
isotherm model.

Resin Values Copper Iron(II) Lead Zinc

C107E aL 1700±500 12000±5000 1000±300 –

qm 21±1×10−4 40±6×10−5 30±5×10−4 –

des 0.0003±0.0001 1.39±0.07 27±8×10−5 –

r2 0.983 0.790 0.982 0.936

MTS9301 aL 6±3×104 13±2×104 6600±600 26±6×104

qm 28±6×10−4 49±3×10−5 51±2×10−5 41±3×10−5

des 0.0012±0.0007 1.4±0.1 1.37±0.01 1.6±0.1

r2 0.965 0.976 0.990 0.912



5.4. DISCUSSION 133

Due to the negligible adsorption shown by iron(II), lead and zinc, this model

was not used to describe the data for TP214, with the fits of this proposed model

for all metals to both C107E and MTS9301 being reported in Table 5.6. The

isotherm data of C107E adsorption for copper and lead fit well to the desorption

modified Langmuir isotherm (r2 values of 0.999 and 0.987, respectively), however

due to high scatter in the iron(II) adsorption data and low interactions between this

functionality and zinc, these data were not reasonably described by the model

(returning poor r2 values or high errors). MTS9301 data, on the other hand,

displayed more positive results when fit to the desorption-modified Langmuir

model, with all complete data sets being adequately described and the r2 of

each being improved relative to the Langmuir model (returning r2 values of 0.965,

0.976, 0.990 and 0.912 for copper, iron(II), lead and zinc, respectively).

The qm for copper adsorption to C107E calculated by the desorption-modified

Langmuir model are more realistic than those determined by the normal Langmuir

model, however involve extrapolation. In the case of the adsorption of copper by

MTS9301, the qm value involved further extrapolation than the normal Langmuir

model (2.8±0.8 vs 2.2±0.3mmol g−1), the desorption-modified Langmuir being

closer to the single metal value (4.3±0.7mmol g−1). In both cases, there is an

observable increase in adsorbed species beyond the scope of the study, with

each adsorption profile displaying almost a ‘two-stage’ adsorption process; this

process includes an initial exchange between proton-metal species, then there

is a distinct transition to a metal-metal exchange as the surface of the resin is

saturated with less selective species. With the low desorption constants obtained

by copper (des <<1) it can be assumed that in both cases copper is not observed

to undergo desorption; while C107E also displays negligible desorption towards

lead, copper is the only species with negligible desorption towards MTS9301.

The poor fit for C107E adsorption of iron(II) to the desorption-modified

Langmuir model, assumed to be due to the large amount of scatter towards the
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higher volumes, leaves any discussion very tentative and therefore will not be

considered further. Fitting to the MTS9301 iron(II) isotherm, however provides a

very reasonable fit, and provides an excellent prediction of the experimental qm

(0.482±0.009mmol L−1) with a calculated qm of 0.49±0.03mmol g−1. This gives a

desorption constant of 1.4±0.1, which is three orders of magnitude higher than

copper, giving a numerical value to the level of competition/desorption observed

between iron(II) and the other metals.

Following on from this, the capacity of C107E for lead within the mixed metal

system predicted by the desorption-modified Langmuir model is far extrapolated

from experimental data, while also displaying a far higher capacity than the

single metal data; however in both cases, typical saturation is not reached,

and therefore the experimental capacity is not determined. C107E does

display a high affinity for lead, while even though there is nothing particularly

outstanding with regards to the free energy of adsorption, this metal displayed

the lowest desorption constant. The adsorption to MTS9301, however, did display

observable desorption, falling within error of iron(II) and less than zinc (1.4±0.1

for iron(II) vs 1.37±0.01 for lead and 1.6±0.1 for zinc). The lead qm predicted

by this model (0.51±0.02mmol g−1) is outside error margins of the experimentally

observed (0.356±0.003mmol L−1).

Similarly to iron(II), the data for the adsorption of zinc to C107E did not

return meaningful results, due to weak interactions [124]. Zinc adsorption

to MTS9301 returns a great fit to this model, with a modelled qm within

error of the experimentally observed value (0.320±0.002, experimental, vs

0.41±0.03mmol g−1, modelled). Zinc, however, displays the highest level of

desorption from this resin, with a desorption constant of 1.6±0.1, leaving it to

be the most likely to be hindered by competition between other species, such as

calcium or iron, both of which are in high abundance within sewage sludge [194].

For both zinc and lead, the high levels of desorption from MTS9301 seem to be



5.4. DISCUSSION 135

due to the small ∆S values of the acetate complex formation with regards to those

of copper (Figure C.9b).

While this model was capable of describing those species that were desorbed

from a functionality, it was less capable of modelling the change in mechanism

that occurs due a shift from metal-proton exchange to metal-metal exchange, as

observed in the case of the isotherm of copper and lead for C107E or copper

for MTS9301. On top of this, the molar ratio of each metallic species in solution

will have a large effect on the overall values obtained as this is very reliant on

equilibrium. In summary, this model was able to describe the data obtained in

this specific experiment and is very situational, however comparison of similar

experimental conditions could make the information viable.

Kinetics

The kinetic data obtained displays typical extraction kinetic trend for both

C107E and MTS9301, in both cases an equilibrium adsorption is reached, with

MTS9301 displaying much faster kinetics than C107E. Whether this difference

is due to the affinity of each resin to the metals or the similarity of the C107E

functionality to the buffering acids will be discussed throughout this section.

TP214, however, rejects all other metals in favour of copper beyond ∼10min.

This is hypothesised to be due to the redox reaction that has been observed in

previous studies, and will be discussed as to whether it is kinetically beneficial or

not.

Diffusion Limiting Steps

The first rate limiting step to consider, and perhaps the easiest to visualise,

is the diffusion limiting step. The diffusion kinetics of adsorption of a species

to a resin can be limited by particle diffusion, where a species is limited by a

concentration gradient formed within the bead or limited by the diffusion through
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a Nernst film later that surrounds the resin’s surface. To determine the most

likely situation, two models (aptly named particle- or pore-diffusion model and

film-diffusion model) have been devised in order to describe the system.

Particle, intra-particulate or pore diffusion, involves kinetic limitation by the

formation of a concentration gradient within the resin bead. This gradient can

be dictated by multiple factors such as pore size, resin structure, backbone

composition and functionality/co-ion interactions. The particle or pore diffusion

model describes adsorption kinetics limited by this diffusion of species within the

particulate pores [195–197], described by:

qt = kPDt
1
2 + C (5.3)

Where kPD (mmol.g−1.min−
1
2 ) and C is a constant related to the boundary

layer thickness [197]; the larger the value of C, the greater the boundary layer

effect [198].

Table 5.7: Non-linear kinetic modelling data for the particle diffusion model for
acetic acid media.

Resinl Value Copper Iron Lead Zinc

C107E KPD 16±2×10−3 23±1×10−4 48±9×10−7 7±1×10−3

C 0.04±0.03 -0.004±0.002 5±2×10−5 0.03±0.02

r2 0.883 0.968 0.741 0.824

MTS9301 KPD – 71±7×10−4 11.9±0.6×10−5 0.001±0.002

C – 0.02±0.01 4±1×10−5 0.07±0.03

r2 0.589 0.916 0.792 0.840

TP214 KPD – – – –

C – – – –

r2 0.685 0.151 0.094 0.046

Efficient agitation of solution and large pore size can prevent the formation

of concentration gradients, the surface of a resin bead will maintain a stagnant
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film, especially considering the charged nature of ion exchange resins. This

film prevents direct contact of fresh solution, generating a one dimensional

diffusion process in order for contact to be made between the adsorbate and

adsorbent. Diffusion through this layer is purely determined by concentration

gradient between the stagnant film and the bulk solution [195]. The film diffusion

model describes adsorption kinetics dictated by diffusion of species through a

liquid film at this particle-solution interface (Nernst diffusion layer) [195,196]. It can

be described by:

log(1− F (t)) = − kFDt
2.303

(5.4)

where kFD is the film diffusion kinetic constant F (t) is the fraction of adsorbed

species at time t to the equilibrium adsorbed species (qe, mol.g−1), determined

by:

Ft =
qt
qe

(5.5)

By substituting equation (5.4) into equation (5.5), this equation can be

rearranged in order to make qt the subject, creating the equation:

qt = qe(1− ekFDt/2.303) (5.6)

The fits of the C107E kinetic data to the particle diffusion model were fairly

poor overall (Table 5.7), with copper, lead and zinc producing r2 values of

<0.89, while iron(II) achieved a reasonable r2 of 0.968; with the film diffusion

kinetic model (Table 5.8) describing the kinetic trend of all metals better. The

macropourous structure of the resin bead is the assumed cause for the alluded

film diffusion mechanism, as there are no particle kinetic bottle-necks in the

adsorption process. This is supported by the film-diffusion calculated qe values of

each metal being reasonable estimations (within error or 10%) of the experimental

values. The reaction rate trend, derived by this model, follows Pb >Zn >Cu >Fe.
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Table 5.8: Non-linear kinetic modelling data for the film diffusion model for acetic
acid media.

Resin Value Copper Iron Lead Zinc

C107E qe exp 0.52±0.01 0.082±0.001 0.184±0.003 0.23±0.005

KFD 18±2×10−3 35±7×10−4 60±9×10−3 23±2×10−3

qe 0.49±0.01 0.092±0.001 0.171±0.006 0.223±0.006

r2 0.989 0.977 0.965 0.987

MTS9301 qe exp 0.45±0.01 0.234±0.003 0.134±0.002 0.381±0.008

KFD 113±9×10−3 14±2×10−3 7±1×10−2 35±6×10−3

qe 0.439±0.008 0.223±0.008 0.119±0.006 0.34±0.01

r2 0986 0.983 0.918 0.958

TP214 qe exp 0.641±0.003 106±3×10−4 264±3×10−4 261±7×10−4

KFD 43±4×10−3 – – 0.3±0.1

qe 0.631±0.01 – – 94±8×10−3

r2 0.990 0.542 0.783 0.691

Similarly to C107E, MTS9301 displays poor fits to the particle diffusion model

(copper, lead and zinc r2 <0.9), with iron(II) displaying a slightly better fit than the

other metals; again with all metals fitting much better to the film diffusion model,

with the r2 of lead falling behind the other metals. Again, this model generates

good estimates (within error or 10%) of the experimental qe values. The MTS9301

resin displays a reaction rate trend of Cu >Pb >Zn >Fe. TP214 only returned

fitted data for the copper(II) ion, and again this ion follows a film-diffusion limited

kinetic profile. The macroporous nature of the TP214 resin matrix lowers the

possibility of a concentration gradient/limitation by a concentration gradient. The

assumed covalently binding nature of this ion to the thiourea functionality is further

alluded to by the low kinetic hindrance generated by the Nernst film layer.

Desorption

Within adsorption processes solution phase complexation, adsorption

equilibrium and competitive species can all effect the reaction rate. The Elovich

model can model systems such as this by its ability to describe a system where
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chemical adsorption is observed on a heterogeneous surface, or by its ability

to describe an ion exchange interaction with both adsorption and desorption

occurring in parallel [199]. The equation for this model is as follows [200]:

qt =
1

β
ln(t+

1

αβ
) +

1

β
ln

1

αβ
(5.7)

In this model, β is the desorption constant (gmol−1) and the parameter α is

the initial sorption rate of the reaction (mol/gmin) [201]. This analysis of desorption

processes will be extremely relevant with the discussion of this buffered system.

Table 5.9: Non-linear kinetic modelling data for the Elovich model for acetic acid
media.

Resin Value Copper Iron Lead Zinc

C107E α 9±2×10−3 1.8±0.3 18±7×10−3 6±2×10−3

β 8.3±0.6 23±5 33±3 20±2

r2 0.986 0.975 0.965 0.963

MTS9301 α 0.2±0.2 34±5×10−4 19±3×10−3 18±3×10−3

β 17±2 18±1 51±2 14.6±0.8

r2 0.930 0.991 0.992 0.989

TP214 α 0.04±0.02 – – –

β 8±1 – – –

r2 0.920 0.384 0.461 0.374

Using the Elovich equation to describe the kinetic data obtained from the

C107E experiment, copper, iron(II), lead and zinc reach a r2 >0.96 (Table 5.9).

Copper, lead and zinc show the highest rates of adsorption with this model, with

iron(II) falling behind by an order of magnitude, displaying the trend Pb >Cu >Zn

>>Fe. The trend in rates of desorption, however, does not reflect this adsorption

rate trend, with zinc and iron(II) achieving higher rates than copper, creating the

series Pb >>Fe >Zn >Cu.
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MTS9301 kinetics returned reasonable fits to the Elovich model (r2 ∼0.99) for

iron(II), lead and zinc, however displaying more tentative fits to copper (Table

5.9). The initial rate of adsorption recorded is, in general, much higher than

that of C107E, leading to a rate trend of Cu >>Pb = Zn >>Fe. The constant β

displays a trend of Pb >>Fe >Cu >Zn, countering the relatively high adsorption

rate of lead. Again, fitting the TP214 kinetic data to the Elovich model generated

extremely poor fits to all metals, apart from copper. While the initial rate of copper

adsorption is lower than that of MTS9301, it has a much lower rate of desorption,

which may contribute to an overall fast adsorption rate. C107E on the other hand,

shows a similar desorption rate, with a much slower initial rate of adsorption.

The adsorption of copper to MTS9301 displays the same desorption constant

as iron(II) with this constant being lower than lead, however higher than that

of zinc. C107E returned the least desorption with respect to all resins studied,

while also returning the lowest binding energy, 8.4±0.4kJmol−1 (physisorption/ion

exchange) and lowest binding intensity. MTS9301, while displaying the highest

desorption constant for copper, also displays the (tentative) highest initial rate

of adsorption (0.2±0.2mmol/gmin) and also a free energy adsorption energy of

14±1kJmol−1 (in an unsaturated situation) and a much higher binding intensity

(Chapter 4); far beyond that of the C107E resin. The high intensity of adsorption

and binding energy could be causing the high initial rate of adsorption, while the

CuAc−3 (a species becoming more prominent in solution at this pH), however, is

much more stable than the CuAc2 (logβ 3.30 vs 2.80) leading to the assumption

of the potential for a second slower adsorption process by the second species.

Rates of desorption for the theorised redox reaction of copper to TP214

were much lower than the previous two resins, returning a binding energy of

17±1kJmol−1 (chemisorption) and a binding intensity of 0.17, being the closest of

all systems studied of all metals to being irreversible (Chapter 4). The extraction

of copper by TP214 seems to not only be a reduction reaction for the copper(II)



5.4. DISCUSSION 141

species, but it also seems to be deleterious for the thiourea functionality. Beyond

a time of ∼150min the extraction of all metals other than copper is severely

hindered. This level of selectivity of copper over iron(II), lead and zinc is not

represented by either the intensity of binding or the adsorption energies returned

from the isotherm models, therefore these metals will not be considered with

respect to TP214.

The desorption of iron(II) from the carboxylic acid functionality is higher than

that of the desorption from the iminodiacetic acid functionality, despite the

much lower initial rate. This can be rationalised by the chelating nature of

the iminodiacetic acid functionality, also supported by the higher intensity and

binding energy returned from the isotherm models [124]. The lack of data and low

stability constant for the ferrous acetate complex [126] lead to the assumption of

low interactions between carboxylic acid functionalities and iron(II).

The stability constant for PbAc2 is quite large in comparison to the PbAc+

constant [126], leading to an assumption of a weaker interaction between lead and

a singular carboxylic acid functionality. Lead, however, displays a trend counter

to this assumption, with a lower desorption (although still high) for the carboxylic

acid functionality over the iminodiacetic acid functionality, both displaying similar

rates of adsorption. The ionic radii of lead is a hindrance when it comes to the

iminodiacetic acid, as the two charges have limited mobility, this could lead to a

higher stability as acetate complexes in solution, therefore leading to the higher

desorption constant. The weak interaction between lead and the carboxylic acid

functionality (Chapter 4), due to the low effective charge, coupled with the high

stability of the PbAc2 species over PbAc+ are the speculative cause for desorption

after initial spikes in reaction kinetics.

Zinc displays the lowest desorption constant for MTS9301 of all the metals,

with 14.6±0.8gmol−1, and an initial rate similar to that of lead. As the adsorption
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of metals by the MTS9301 functional group is dependent of the ionic radii, giving

zinc similar properties to copper, which is consistent with the binding energies

and intensities (Chapter 4). The desorption constant calculated for zinc towards

C107E is similar to that of iron(II).

Rate Orders

Using the previous factors as supplementary information, the adsorption

mechanisms can be classified into a rate order and performance (half-life and

rates) can be determined. A first order reaction rate is a description of a

reaction reliant on the concentration of a singular species; with the assumption

of the excess of all other species, this can be fit to other reactions, creating a

pseudo-first order kinetic reaction. The Lagergren pseudo-first order model is

derived from the fundamental first-order kinetic law in order to describe liquid-

solid adsorption reactions [202], where the value of ‘k1qe - qt is non-representative

the number of binding sites [203]. The Lagergren first-order law can be described

as [201]:

qt = qe(1− e−‘k1t) (5.8)

In this instance qe is the equilibrium concentration of ion on the resin surface

(mmol g−1) and ‘k1 (sec−1) is the pseudo-first order rate coefficient of this specific

reaction [203]. Utilising this, the pseudo-first order half-life can be determined:

0.693

‘k1
(5.9)
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Table 5.10: Non-linear kinetic modelling data for the Lagergren model for acetic
acid media.

Resin Value Copper Iron Lead Zinc

C107E qe exp 0.52±0.01 0.082±0.001 0.184±0.003 0.23±0.005

qe mod 0.49±0.01 0.092±0.009 0.171±0.006 0.223±0.006

k1st‘ 79±8×10−4 15±3×10−4 26±4×10−3 10±1×10−3

t1/2 88±9 450±80 27±4 68±7

r2 0.989 0.977 0.965 0.987

MTS9301 qe exp 0.45±0.01 0.234±0.003 0.134±0.002 0.381±0.008

qe mod 0.439±0.008 0.223±0.008 0.119±0.006 0.35±0.01

k1st‘ 49±4×10−3 62±7×10−4 30±6×10−3 15±3×10−3

t1/2 14±1 110±10 23±5 46±8

r2 0.986 0.983 0.918 0.958

TP214 qe exp 0.641±0.003 106±3×10−4 263±3×10−4 261±7×10−4

qe mod 0.631±0.01 – – –

k1st‘ 19±2×10−3 – – –

t1/2 37±3 – – –

r2 0.990 0.542 0.783 0.691
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Fitting the Lagergren kinetic model to the C107E data displayed r2 values of

0.989, 0.977, 0.965 and 0.987 for copper, iron(II), lead and zinc, respectively

(Table 5.10); however, only copper and zinc display predicted qe values within

experimental error, while lead is within 10% of the experimental value, iron(II)

is outside this margin and this displays a half-life trend of Pb <Zn <Cu <<Fe.

The Lagergren model for the kinetic data associated with MTS9301 produced

reasonable fits for copper, iron(II) and zinc (r2 >0.95) with a poorer fit for the lead

data at r2 0.918, with the predicted qe values being within error for copper, iron(II)

and lead, while the predicted value for zinc is only within 10% of the experimental

value. The MTS9301 trend for the Lagergren half-lives predicted by the Lagergren

model is Cu <Pb <Zn <<Fe, with the copper adsorption to TP214 half-life being

only 14±1 minutes. Similarly to all other cases, copper is the only data described

by the model, with error margins of the modelled qe value encompassing the

experimental value.

As the first-order rate law was a model describing a reaction limited by one

species, a second-order reaction is limited by two species, and is therefore more

complicated. While, in theory, a reaction may only have two reactants and

therefore the concentration of these two reactants may be assumed to control

a reaction’s kinetics, in reality both products and reactants effect the equilibrium

of a reaction as well as other side-reactions occurring within a complex system.

In this case the order of reaction is difficult to understand, and therefore assuming

a negligible influence of other reactions within a system allows for the calculation

of a pseudo-second order reaction to be modelled.

The Ho pseudo-second order model [201,203], an adsorption modified derivation

of the second order rate law, can be described by:

qt =
q2ek2ndt

1 + qek2ndt
(5.10)
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where qe is the sorption at equilibrium and k2nd is the pseudo-second order

rate constant (g.mol−1.min−1). From the parameters acquired by the fitting of this

model, it is also possible to attain the initial rate of reaction (h0) and the half-life

of the reaction with the equations (5.11) and (5.12), respectively.

h0 = k2ndq
2
e (5.11)

1

k2ndqe
(5.12)

Table 5.11: Non-linear kinetic modelling data for the Pseudo-second order
model for acetic acid media.

Resin Value Copper Iron Lead Zinc

C107E qe exp 0.52±0.01 0.082±0.001 0.184±0.003 0.23±0.005

qe mod 0.562±0.008 0.13±0.02 0.185±0.004 0.251±0.008

k2nd‘ 16±1×10−3 9±3×10−4 0.184±0.2 50±8×10−3

t1/2 105±6 800±400 29±3 80±10

h0 54±4×10−7 16±7×10−8 63±7×10−7 32±5×10−7

r2 0.998 0.976 0.991 0.989

MTS9301 qe exp 0.45±0.01 0.234±0.003 0.134±0.002 0.381±0.008

qe mod 0.464±0.005 0.257±0.007 0.128±0.004 0.380±0.009

k2nd‘ 0.153±0.009 0.029±0.003 0.31±0.06 0.054±0.007

t1/2 14.1±0.9 133±17 25±5 49±6

h0 32±2×10−3 1.9±0.2 52±9×10−4 8±1×10−3

r2 0.997 0.994 0.973 0.990

TP214 qe exp 0.641±0.003 106±3×10−4 264±3×10−4 261±7×10−4

qe mod 0.69±0.02 – – –

k2nd‘ 0.035±0.006 – –

t1/2 41±7 – – –

h0 17±3×10−3 – – –

r2 0.983 0.476 0.677 0.572

For the adsorption of copper and lead to C107E, the pseudo-second order

model displayed better r2 values than the Lagergren model, while iron(II) and
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zinc fit slightly better to the Lagergren (Table 5.11 and 5.10, respectively) with

corresponding qe predictions reinforcing this. The calculated half-lives of the

pseudo-2nd order model are larger than the Lagergren model, however displaying

the same trend, with the initial rates displaying the trend Pb >Cu >Zn >>Fe. The

pseudo-2nd order modelling of the MTS9301 kinetic data returned returned r2

values of >0.99 for copper, iron(II) and zinc, and 0.973 for lead, with predicted qe

values falling within error apart from iron(II) which was deviated by <10%. The

half-lives were similar to that of the Lagergren fits, with initial rates of reaction,

however, show a trend of Cu>Zn>Pb>Fe, with the zinc and lead positions being

swapped. Fitting of the TP214 kinetic data for copper to the pseudo-2nd order

model resulted in a similar fit to the Lagergren model with a predicted copper qe

within ∼10% to the experimental value.

For both C107E and MTS9301 copper shows the best fit to the pseudo-second

order model, with the TP214 kinetics fitting better to the Lagergren model. For the

carboxylic acid functionalised resin, the qe derived by the pseudo-first order model

describes the experimental qe better, both values overlapping in error values.

The low desorption predicted by the Elovich model for copper adsorption fits into

an assumption of pseudo-first order activity, the higher stability of copper within

solution and weaker surface interactions however, potentially lead to a pseudo-

saturation of copper; with the solution phase equilibrium feeding the surface

equilibrium, an equilibrium reliant on surface saturation driving decomplexation

of copper is created, explaining the slow kinetics.

MTS9301 is overall described best by the pseudo-second order model. Not

only is the r2 higher for this model, the qe derived by the model is a much better

descriptor (within error) of the experimental qe. The high binding energy and the

high intensity of binding [124], coupled with the relatively low desorption constant,

allude to a high dependence on both solution phase copper concentration as

well as functionality saturation, without this kinetic hindrance observed by C107E.
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Thiourea kinetic data fits slightly better to the pseudo-first order model, with this

model also describing the experimental qe better. The strength of interaction

between copper and thiourea and the deleterious nature of the copper(II) metal

to the thiourea functionality potentially leads to a saturation of functionality by

copper(II) ions in solution creating a pseudo-first order environment. Again, this

deleterious nature leads to an impossibility to describe iron(II), lead or zinc with

respect to TP214.

The kinetic data for the adsorption of iron(II) to C107E fits to both the pseudo-

first and pseudo-second order models, and the pseudo-first order model is better

at describing the experimental qe. The high level of desorption of this species

leads to the assumption that the concentration of iron(II) within solution potentially

saturated the resin sites, as, of all metals, this displayed the lowest capacity [124]

creating a pseudo-first order process, reliant purely on the functionality. MTS9301

displays a much better fit to the pseudo-second order reaction model, however

again, the pseudo-first order reaction model was a better predictor of the

experimental qe; potentially due to low interaction between acetate and ferrous

ions.

The kinetics of the adsorption of lead to C107E fits best to the pseudo-

second order rate model, with this model also being the best descriptor of the

experimental qe value. This process has a low adsorption intensity, low binding

energy [124] and a high desorption constant, however it also displays the highest

capacity for this functionality. Therefore the understaturation in solution in this

case could cause pseudo-second order reaction mechanism, despite the high

stability of the lead acetate complexes. MTS9301 fits best to the pseudo-second

order rate model, with both models describing the experimental qe within error.

This coincides with the reasonable intensity of adsorption and binding energy, all

supporting a pseudo-second order mechanism.



148 CHAPTER 5. MULTI-METAL ADSORPTION SYSTEMS

The kinetic data obtained for the adsorption of zinc to the surface of C107E

was better described by the pseudo-first order model. While zinc displays low

levels of desorption (the lowest observed for this resin), it also displays low

adsorption intensities and a physisorption binding energy [124]. The similarities

between the functionality and the media, coupled with the weak interaction of

zinc with carboxylic acids leads to this equilibrium being assumed as the rate

controlling step. Conversely, MTS9301 displays a clear pseudo-second order rate

controlled reaction, with both the r2 and the predicted qe favouring this model. The

high intensity of adsorption, high binding energy [124] and low desorption of this

support this hypothesis.

Comparison of Physical and Chemical Characteristics to Modelled

Parameters

Overall, the ionic radius seemed to define the half-lives of the process for both

C107E and MTS9301, as is plotted out in Figures C.7-C.18. There is a linear

trend between the half-lives obtained for C107E (both pseudo-first and second

order), with the omission of iron(II), while there is an obvious linear trend between

the half-lives (both pseudo-first and pseudo-second order) for MTS9301, with the

omission of lead. The deviation of iron(II) from the observed trend is potentially

due to an oxidation of iron(II) at this pH, leading to some of the species having a

much higher ionic radius and therefore displaying different mechanisms.

Kinetic limitations contrast the limitations determined by isotherm analysis,

as these display a correlation to thermodynamic parameters (Figure C.9).

C107E does not show any trend with regards to isotherm modelled parameters

and physical parameters, however due to the lack of interaction between this

functionality and iron(II), this is unsurprising. MTS9301, on the other hand,

displays a tentatively linear trend between the proposed desorption constant

and average ∆S of the solution phase complexes, in a similar manner to the
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correlation between decreasing average ∆S of the solution phase complexes and

decreasing qm in the single metal system.

The initial adsorption rate of C107E seems to also follow this trend of reliance

on ionic radius, however, in this case, it seems that lead is the metal that displays

a different trend (Figure C.15c). Comparing this value against either the average

∆H of solution phase complexation or electronegativity, a linear trend arises

(again with the omission of iron). This leads to an assumption of electronegativity

and the heat of complex formation driving the initial rate of reaction, causing a

rate limiting step through an activation energy of the breakage of metal-acetate

complexes. The inclusion of iron(II) in this case is an outlier due to the potential

for oxidation.

The rate of desorption, for C107E, described by the Elovich model seems to be

reliant on ionic radius, with the adsorption rate (according to the Elovich model)

also being related to ionic radius, with the omission of lead which is seems to

run counter to the trend. When comparing these values to electronegativity,

however, iron(II) is in disagreement with the adsorption rate trend, while copper is

in disagreement with the desorption rate trend. The low desorption of copper can

be explained by the high energy of adsorption [124], while iron(II) displayed higher

adsorption energies than copper in this instance, the fit to the model used was far

worse.

MTS9301 displays an increase in half-life from copper through to iron(II) which

displays linear correlation to ionic radius, which can be explained by a hindrance

to the formation of the chelate on the resin surface. Lead, however, displays a

half-life much lower than what would be expected which leads to the assumption

of a different binding mechanism. The similar half-life to the carboxylic acid

functionality creates the possibility of similar mechanisms between the two resins,

not chelation binding. This is also amplified by the low energies of binding
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determined from the isotherm studies [124]. Ionic radii and electronegativity appear

to be determining factors of the Elovich desorption constant.

Overall Resin Comparison and Performance

While, academically and mechanistically, the modelling thermodynamic and

kinetic experiments can be useful for many of the pre-described factors,

functionally they’re most useful for determination of capacities, competition and

half-lives and rates in order to determine operational parameters. Here these

parameters will be discussed with respect to how each modelled mechanism

will affect them. This will be used to place each resin in the perspective of the

aforementioned resin-in-pulp process.

The slower half-lives of copper, iron(II) and zinc adsorption to C107E are

potentially due to the similarities between the functional group and the media,

creating a rate-limiting step; however lead does not display this limitation,

returning a half-life similar for the adsorption from solution to both C107E and

MTS9301, which are similar to IRC748 [166]. C107E displays a high affinity for both

lead and copper, with neither metals displaying observable levels of competitive

desorption within the mixed metal isotherm, and relatively high capacities (not

dissimilar to that of the capacities observed within the single metal systems);

however, neither reaching saturation within the current study, and while capacities

were seemingly high, the extraction percentages decreased dramatically with

higher volumes of solution added (Figure C.1). With respect to iron(II) and zinc,

however this resin displays poor performance; with the interaction between the

functionality and zinc being hindered by the presence of solution phase acetate,

and the lower extraction percentages are beneficial in the case of iron, zinc

extraction is seen as a requirement for the resin-in-pulp system.



5.4. DISCUSSION 151

MTS9301 was the better kinetic performer, with regards to copper, iron(II) and

zinc, being equal to C107E for lead. Copper is the only species observed to show

no obvious desorption through competition within the mixed metal isotherm, with

this trend for high affinity following into the kinetics as the high rate of adsorption

by MTS9301 in the acetic acid media is similar to that of the iminodiacetic acid

functionalised IRC748 [166]. The same commercial product (previously called

S930+, currently MTS9301), displays a much faster rate of adsorption within

sulphate media at pH 4 (displaying a pseudo-second order half-life of 3.6min)

and showing a poor fit to the pseudo-first order rate model [182], leading to

the assumption of a kinetically hindered adsorption process by the addition of

complexing buffers. This kinetic hindrance is not observed for lead, with respect

to the IDA functionalised IRC748 [166].

With all other species being desorbed with the saturation of copper on the

surface of this resin, the calculation of the desorption-modified Langmuir model

leads to an competition trend of Cu >>Pb = Fe >Zn. This differs from that

observed within the screening process [119], however is similar to that observed

when comparing percentage extractions, where we see the drop in extraction

first by zinc then iron(II) and finally lead (Figure C.2), even though only slight

differences are observed. C107E and MTS9301 kinetics are similar for lead, and

are similar to IRC748 (IDA functionality) [166], this similarity between the carboxylic

acid and IDA resin of this study leads to the assumption of a different binding

mechanism for the adsorption of lead to MTS9301, compared to the other three

metals, caused by the higher ionic radius, preventing chelation; further alluded

to by the similarly high levels of Elovichian desorption returned for both resins.

Zinc, while displaying higher desorption and a lower capacity within the MTS9301

mixed metal isotherm than iron(II), also shows a remarkably lower adsorption half-

life, with the pseudo-second order half-life of iron(II) being almost ten times that

of copper, five times that of lead and nearly three times that of zinc leading the a
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high possibility of kinetic separation in the instance of high iron concentrations.

Of all three resins, TP214 was poorest performer overall, as it was unable to

extract any metal apart from copper, and the kinetics were slower than that of the

macroporous MTS9301. The thiourea functionalised resin displays a half-life of its

assumed redox reaction of 35±3min, while the chelating mechanism of MTS9301

displays a half-life of less than half this value of 14.1±0.9min; completely

rejecting uptake of all other metallic species in solution. This deleterious copper

adsorption detracts from the potential effectiveness of the thiourea functionality

for removal of, not only iron [153,167,204], but also lead [170,186,205]. Near 100%

extraction of copper is maintained throughout the entire concentration range

studied, however extraction above 75% is not achieved for any other metal,

with this decreasing dramatically towards high abundance of copper, leading to

declaration of inefficiency for this resin.

MTS9301 is the most effective extractant of all three resins due to kinetics as

well interactions with metals, especially considering the ability to maintain high

extraction % of copper lead and zinc in the initial volumes of solution (Figure C.2).

Maintaining >90% extraction of each metal (without competition) 2mL wet settled

resin would be capable of extracting a total of 0.729mmol metal from solution. At

this point, the resin is assumed to be at capacity, with a total surface concentration

of 2.729±0.007mmol g−1

5.5 Conclusions

Mixed metal isotherms become difficult to model as the level of competition and

saturation increased, due to either the desorption of metals or the transition from

proton-metal exchange to metal-metal exchange with adsorption. A model that

predicts the level of desorption within a specific system has been formulated,

however there is little data in which to compare. The model is capable of
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predicting experimental capacities of desorbed species relatively well, however

the lack of saturation within the species that were not desorbed created difficult

situations to predict. C107E displayed overall lowest levels of desorption

for copper and lead, with saturation not reached for either species and both

displaying more heterogeneous behaviour than the single metal systems due

to saturation. MTS9301 displayed no desorption of copper although decreased

capacities, and metals behaved in similar fashion to single metal isotherm

counterparts prior to saturation.

Mechanistic details have been elucidated alluding to differences between

moieties of varying ionic radius and effective ionic charge. In the majority of

instances (apart from iron(II) on C107E and adsorption processes to TP214),

kinetic differences can be explained by ionic radii, with an increase in this factor

hindering the kinetics of both C107E and MTS9301; with the exception of lead

which is assumed to undergo a similar adsorption mechanism for both the IDA

and carboxylic acid functionality. Desorption can also be explained by ionic radii,

initial reaction rates, however, seem to be more dictated by either change in

enthalpy (C107E) or charge in entropy (MTS9301).

Overall, the copper, iron(II) and zinc kinetics were hindered towards the

carboxylic acid functionality, however lead did not display this same hindrance.

Zinc and iron(II) were poorly competitive for the adsorption to the surface of

C107E, with copper and lead not reaching saturation, however displaying a two-

stage adsorption profile as proton exchange becomes metal exchange and the

adsorption mechanism changes. This was again observed for copper in the case

of MTS9301, which also displayed a high desorption of lead, iron(II) and zinc

as saturation become more apparent; the kinetics of this resin being relatively

unhindered by the acetate species and comparable to that reported for strong acid

media. TP214 did not display kinetics for copper adsorption that were particularly

fast in comparison to MTS9301, nor did it display higher capacities either; this
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poor kinetic performance was in conjunction with negligent extraction of all other

metals studied, therefore decreasing the applicability of the resin in relation to this

study.

C107E does display the largest separation of iron(II) from the other metals

and high capacities for each metal, however the kinetics are relatively slow, and

while it would display usefulness within a system plagued with copper and lead,

the ineffective nature towards zinc is concerning. TP214 is ineffective at the

extraction of any species apart from copper, therefore it does not find a use here.

The inclusion of strongly complexing organic acids (e.g. humic acid) leads to the

possibility of this resin to remove copper in such situation.

In an equilibrium and a kinetic sense, MTS9301 was the best overall performing

resin. The capacity may be hindered with saturation of copper, however provided

resin volume is increased to compensate for this, this resin would be an effective

adsorbent. With the large concentration of iron within sewage sludge, and the

potential for a kinetic separation of any remaining dissolved iron at this pH,

MTS9301 will the best resin of the three within the RIP system.



Chapter 6

Acetate Resin-in-Pulp on a

Simulated Sludge

Summary

This chapter will focus on the performance of MTS9301 within a simulated

acetic acid RIP process for the extraction of copper, lead and zinc. Within this

part a simulated sewage sludge was formulated, characterised and compared

against sewage sludge collected from Esholt Wastewater Treatment Plant and

doped with copper, lead and zinc prior to a leaching stage. This simulated

leachate slurry was subjected to the hypothesised RIP system for which the

ion exchange process has been characterised throughout this thesis. This

attained total maximum recoveries of 38.9, 37.9 and 53.6% of copper, lead and

zinc, respectively, which was concluded by a preliminary economic evaluation of

materials cost vs output, determining that, in its current state, the process is not

economically viable; however further optimisation could potentially lead to both

economical and environmental viability of the process.

155
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6.1 Introduction

Rehashing the current state-of-knowledge discussed within Chapter 1, the

separation of metals from sewage sludge requires a solid-liquid separation stage

in order to remove the PLS from a leachate slurry; this assumes a maximum

fraction of metals are removed from the sewage sludge [84]. While leaching does

convert a large fraction of metallic species from immobile to mobile phases, due

to the retention of water within sludge solids [14], up to 80% of the metals contained

within the leach slurry remain in the sludge. What is of more concern is that these

metals will no longer be in the less mobile sulphide fraction [36], but will generally

be precipitated by an increase in pH and therefore remain within more mobile

forms such as hydrolysis products.

Scheme 8

The negation of a solid-liquid separation process prior to contact with the

adsorption material has been theorised to increase the removal of metals

entrained within bound waters [91]. Briefly summarising the points brought to light

in Section 1.5, as a sewage sludge leach slurry will contain a high concentration

of adsorbent organic material [86], preg-robbing will be of a high concern. By

introduction of an ion exchange resin RIP systems can circumvent this by

removing solution phase metals (Keq in Scheme 8) within the leachate slurry,

causing a shift in the equilibrium of the multitude of pre-robbing processes (Ksp)

and further extraction of metals. This section will utilise the knowledge that has

already been attained within the previous sections on the MTS9301 resin system

and its performance within an acetate media, and attempt to understand how

the incorporation into a simplified RIP system will affect the resin performance.

As competition between metals was observed within the previous chapter, the
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addition of solids and competing ions within a slurry will further complicate the

ability for an understanding of the system.

6.2 Experimental

Materials

All chemicals used were of analytical grade or higher and supplied by Sigma-

Aldrich unless otherwise specified. High activity instant dry yeast (Mauripan),

psyllium husks (Bulk Powders: Pure Series), rapeseed oil (by Sainsburys),

organic miso paste (Yutaka), microcrystalline cellulose (Redwells Premium

Supplements) and super soft pure white toilet paper (by Sainsburys) were

purchased from Sainsburys (UK). Miso paste ingredients: water, soybeans (28%),

rice, salt (a summary of the composition is included within Table 6.1). Metals

analysis was conducted via AAS as described in Chapter 2.

Table 6.1: Composition of Miso Paste

Component g/100 g
Fat (saturated) 5.8 (1)
Carbohydrates (sugars) 20 (12)
Protein 7
Salt 10.9

Digested sewage sludge was obtained from the Esholt Wastewater Treatment

Plant near Bradford, UK (Yorkshire Water Ltd.). A schematic of this wastewater

treatment plant (inclusive of sampling point) and an analysis of metals

composition of this digested sludge cake is included within Figures D.1 and D.2,

respectively. For a brief description, this plant has a maximum throughput of 82

tonnes of dry solids per day by a BioThelysTM thermal hydrolysis plant (supplied

by Veolia Water Technologies), treated by thermal hydrolysis pretreatment (165◦C
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and 6bar for 20min), before being fed into an anaerobic digester (mesophilic

anaerobic digestion over 11 days).

Sludge Simulant Generation

Until this point in the study, a clean PLS has been generated for the study of

ion exchange resins in weak acid media. While generating the most realistic

scenario, utilising digested sewage sludge would be beneficial, the quantities

required in order to measure actual fluctuations in metal concentrations would

be extraordinary, creating further issues concerning biological hazards involved

in handling such large volumes of digested sewage sludge. This hazard, coupled

with the potential plant-to-plant variation in real sewage sludge [206], leads to the

requirement for a repeatable, safe surrogate. Therefore, this study will utilise

a simulant sewage sludge to investigate the effectiveness of MTS9301 within a

simulated RIP system in order to mitigate these issues.

With repeatability as a major concern, currently, a standard reference material

for domestic sewage sludge (SRM 2781) is available from the National Institute

of Standard Technology (NIST), however the price of this material is quite high

($759.00 for 40 g). The quantities of material for all experimentation throughout

this body of work create a necessity for a much cheaper alternative determined

from the literature [207–209]. Radford et al. developed a simulant sludge utilising

kaolin and top soil, in order to improve desluding pumps, emptying waste pits;

there were found to be difficulties with this simulant, however, due to the variations

in kaolin from region to region [207]. A study by Wignarajah et al. [209] produced

multiple faecal matter simulants that were developed specifically for research into

waste processing technologies on spacecraft, comprised, primarily, of household

food items.

As part of the Bill and Melinda Gates foundation - ‘Water, Sanitation & Hygiene:

Reinvent the Toilet Challenge’ the Pollution Research Group of University
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of KwaZulu-Natal [207,209,210] have produced an extensive report on multiple

simulants, all being modifications on the simulants developed by Wignarajah et

al. [209]. From this report, a simulant was produced that was used for projects

undertaken by research institutions, universities and companies around that world

in order to improve the sustainability sanitation. This simulant was developed

to mimic a range of faecal matter properties, most importantly density, solids

content, rheology and particle size. Due to the extensive testing undertaken, cost-

effective nature and similarity to organic waste, this sludge has been formulated

and characterised within the for utilisation within this study.

The simulant sewage sludge was generated to the solids content composition

depicted within Table 6.2. In this case peanut oil was substituted with vegetable

oil, this was to negate any potential issues regarding allergies as there are a

multitude of lab uses both temporary and more permanent. Deionised water was

added to the simulant in order to generate the desired water content and in order

to guarantee a homogeneous mixture, were stirred using the overhead stirrer

(Chapter 2) for 24h.

Table 6.2: Composition of synthetic sewage sludge simulant [210]

Component Dry Weight %
Yeast 32.49
Psyllium husk 10.84
Oil 17.31
Miso 10.84
PEG400 12.14
CaHPO4 10.84
Cellulose (cotton linters:tissue paper 50:50) 5.53

Viscosity measurement was conducted using a Brookfield Digital Viscometer

model DV-E (Chapter 2) in triplicate, using the disc spindles S62 and S63 and

the cylindrical spindles S61 and S64 depending on the torque of the viscometer.

Viscosity measurements were carried out at either 5%, 10% or 20% dry weight
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of the simulant, determining the effect of water content on viscosity. Drying of the

sample for moisture content analysis was conducted by drying between 5 and

10g of wet sludge for three days at 70 ◦C. Density was calculated by measuring

the volume of the wet sludge previous to drying of the sample.

Leaching

Leaching for the RIP experiments was conducted on the previously described

simulant sewage sludge, spiked with 100ppm each of copper, lead and zinc

sulphide. Sulphides were chosen due to being the most difficult of the three

leachable species (acid soluble, reducible and oxidisable) [103]. After mixing for

1h to allow for adequate diffusion of metal sulphides, acetic acid was added to a

concentration of 0.5M and the pH was decreased to pH 1. Hydrogen peroxide

was added to a concentration of between 3-9% and the leach was conducted for

24h. All leaches were conducted within a 250mL plastic jar, stirred by an overhead

stirrer (described in Chapter 2).

The pH and ORP were measured throughout the sampling periods, and pH

was adjusted after sampling when required. After a 24h period, the pH was

neutralised to pH 4.5 by either addition of 50% or 1mol L−1 sodium hydroxide

in order to conduct the RIP studies. Sludge samples were analysed for density,

solids and centrifuged (Chapter 2) for metals concentration analysis.

Resin-In-Pulp

RIP experiments were conducted by addition of a precalculated volume of wet

settled resin to the neutralised leached slurry. Ion exchange parameters utilised

were those derived within previous chapters, summarised within Table 6.3.
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Table 6.3: Chemical parameters utilised for determination of resin volume and
contact time.

Copper Lead Zinc

[Total potential ppm] 100 100 100

[Total potential mM] 1.8 0.48 1.5

Mixed metal capacity mmol g−1 2.8±0.6 0.51±0.02 0.41±0.03

Total mmol at >90% per 1 mL 1.91 0.365 0.61

>90% extraction mmolmL−1 0.305±0.004 0.356±0.003 0.2448±0.0006

Extraction half-life min 14.1±0.9 25±5 49±6

The resin bedvolumes within the RIP systems were calculated with the

assumption of 100% dissolution of metals. The total number of mmol

removable from solution prior to a reduction in resin efficiency for lead <90%

is 0.365mmolmL−1wsr, however the total number of mmol within solution after

the leach is conducted (again, assuming 100% efficiency) is 0.57mmol.Therefore,

these preliminary tests will study a system (system 1, 1mLwsr) where the resin

surface is saturated and a system (system 2, 2mLwsr) where the resin is in

excess. In order to make sure that extraction is maximised, 6 half-lives of the

limiting species will be used in order gain an assumed <5% of the leached zinc

within solution. As zinc was the limiting species, with a half-life of 49min, the total

resin contact time will be 5h.

Resin Stripping

Concentration of metal on the surface of the resin was determined by stripping

of the resin bed post contact with the slurry. Resin was stripped by contact

with 50mL 1mol L−1 nitric acid. Prior to stripping resin was separated from

slurry by decanting and then washed multiple times in order to ensure as little

contamination by simulated slurry.
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Solution Analysis

Slurry samples for metals analysis were centrifuged for 10min at 6000RPM.

The supernatant of each centrifuged sample and clean eluent sample was then

diluted as described in Chapter 2 for metals analysis via AAS. Measurements

of pH and ORP were in-situ on the slurry utilising double-junction pH and ORP

electrodes as described in Chapter 2.

6.3 Results

Moisture/Solids Content and Density

Table 6.4 displays the moisture and densities of the simulant sewage sludges

generated for this study. As would be expected, the density increased with

the solids content of the simulant sludge. The digested sludge from Esholt

waste water treatment plant had a solids content of 3.792%, with a density of

1.017±0.007 g.mL−1, matching both solids and density closest to that of the 5%

solids simulant.

Table 6.4: Solid Content and densities of the simulant sewage sludge at 5%,
10% and 20% solids content.

Total Solids Density
(%) (gml−1)

5% water 4.682±0.002 1.03±0.01
10% water 11.87±0.01 1.05±0.01
20% water 19.65±0.07 1.088±0.004
Esholt Sludge 3.792±0.005 1.017±0.007

Viscosity

The viscosity measurements taken on the simulant sludge ((a), (b) and (c))

and the digested sludge from the Esholt plant (d) is included within Figure 6.1.

Each measurement displays a shear thinning trend (as the stress decreases as
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stirring rate increases). Both 5% and 10% moisture content simulants display

less prominent shear thinning nature. The 5% simulant reaches 0.020±0.004Pa,

similar to that of the digested sludge (0.0233±0.0003Pa), with 10 and 20%

reaching beyond this with 0.069±0.002Pa and 0.287±0.005Pa, respectively.

(a) (b)

(c) (d)

Figure 6.1: Plotted raw data of the viscosity experiments conducted on the 5%
solids content (a), 10% solids content (b) and 20% solids content simulant and
the digested Esholt sewage sludge (d) (measurements taken at 20◦C).

Leaching

Four instances of the leaching of the simulant sewage sludge have been

conducted, in each each the concentration of hydrogen peroxide had been

incrementally increased in order to aid in metal oxidation/dissolution. The data

obtained by these experiments are presented within Figure 6.2. The leach

involving the addition of 3% hydrogen peroxide is displayed within Figure 6.2a.

This displays almost instantaneous dissolution of lead sulphide with addition of
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H2O2, while zinc dissolution plateaus after ∼4-5 hours; both reaching leached

fractions of 93 and 94% after 24h, respectively. Copper, on the other hand,

does not reach such high extractions, with a maximum of 22% extraction, and

this continuing slowly throughout the entire 24h experiment. Increasing the H2O2

addition to a total concentration of 6% gives instant dissolution of lead sulphide,

with a peak zinc dissolution being observed at ∼5h and copper dissolution

occurring slowly and to a lesser extent (Figure 6.2b). After a 24h period, the

extractions were 30, 95 and 90% for copper, lead and zinc, respectively.

(a) (b)

(c) (d)

Figure 6.2: Percentage extraction of metal sulphides (copper, lead and zinc)
from the simulant sewage sludge using acetic acid at pH 1 and hydrogen
peroxide concentrations of 3% (a), 6% (b), 9% (c) and 3% (increasing the
concentration to 9% after 4 hours) (d). (0.5 M acetic acid, ∼500 rpm, measured
values for pH, temperature and ORP are given within Table D.5, D.6, D.7 and
D.8, respectively.
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With a hydrogen peroxide concentration of 9%, we see slightly more dissolution

of copper (Figure 6.2c). While there is no visually observable increase in the

extraction trend of copper, the overall leached fraction after 24h is 36%, making it

the best case so far. Again, both lead and zinc are leached rapidly, with zinc

reaching a plateau at ∼5h once more; achieving extractions of 89 and 91%,

respectively. The final leach conducted is a two stage leach, where the initial

concentration of H2O2 was 3%, before this concentration was increased to 9%

in an attempt to further leach copper sulphide from the slurry, the resultant

leaching profile is displayed within Figure 6.2d. The initial data point at ∼4h

is previous to the second addition of H2O2, returning extractions of 6, 83 and

39% for copper, lead and zinc, respectively. After the second addition of H2O2,

there is a remarked increase in sulphide dissolution, with all metals showing a

sudden increase in dissolved species; especially lead and zinc which quickly

reach complete dissolution. Again, copper displays slower leaching kinetics,

reaching only 37% after 24h.

With neutralisation by either 50% or 1M NaOH, the fraction of mobile species in

Figure 6.3 is reached. Copper showed the least decrease in mobile fraction, while

lead and zinc were far more pronounced within both neutralisation experiments.

As 1M NaOH led to far less precipitation of both lead and zinc, this was be the

neutralisation stage utilised for the RIP system.
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(a) (b)

Figure 6.3: Comparison of the decrease in percentage of leached species
with addition of 50% (0.5 M acetic acid, ∼500 rpm, measured values for pH,
temperature and ORP are given within Table D.5 conducted on the 3% H2O2

leach in Figure 6.2a) and 1mol L−1 NaOH (0.5 M acetic acid, ∼500 rpm,
measured values for pH, temperature and ORP are given within Table D.7
conducted on the 9% H2O2 leach in Figure 6.2c).

Resin-In-Pulp

The solution phase fraction of each metal at each stage of the RIP process

(from leaching process to post RIP) for System 1 and System 2 are displayed

in Figure 6.4. In both cases, relatively similar leach extractions were attained; 33

(Cu), 88 (Pb) and 92% (Zn) vs 36 (Cu), 89 (Pb) and 91% (Zn) leached fractions for

System 1 and System 2, respectively. Both cases follow similar trends observed

within the leaching section and the leach was conducted to ∼24h.

Neutralisation from pH of 1 to a pH of 4.5 decreases the dissolved % of metals.

Within system 1 (Figure 6.4a) the increase in pH decreased from 33, 88 and 92%

to 25, 46 and 75% dissolution of copper, lead and zinc, respectively. System

2 decreased in dissolved species from 36, 89 and 91% to 29, 49 and 74%

dissolution of copper, lead and zinc, respectively, after the pH was increased.

After contact with the resin, the solution phase concentration of each metal

had decreased by a small extent. With the addition of 1mLwsr, solution phase

concentration of zinc displayed the largest decrease, with a drop from 59ppm to
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(a) (b)

Figure 6.4: Solution phase percentage of each focus metal species within the
leach and the RIP processes for system 1 (a) and 2 (b) (0.5 M acetic acid, ∼500
rpm, measured values for pH, temperature and ORP are given within Table D.7)
and D.9) for System 1 and 2, respectively.

36ppm, this was followed by copper with a decrease from 22 to 11ppm and lead

removal being nearly negligent, decreasing from 38 to 37ppm. The decrease in

dissolved metallic species within the system that utilised 2mLwsr (Figure 6.4b) is

much more pronounced, with copper showing a decrease of 24 to 8ppm, lead a

decrease from 36 to 27ppm and zinc a decrease from 61 to 20ppm.

The concentration of metals on the resin’s surface (mg g−1) resin obtained by

stripping each resin with 1M nitric acid compared to the concentration on the

resin’s surface (mg g−1) resin determined by difference between before and after

contacts is displayed in Figure 6.5a and 6.5b for system 1 and 2, respectively. In

both cases more metals were stripped from the surface of the resin than were

calculated to be extracted by difference between before and after contact with

the slurry. The concentration of metals on the surface of the resin is generally

higher for system 1 than for system 2, with low concentrations estimated by

solution phase differences. The difference between resin concentration difference

calculated for zinc displayed the most variation between the two volumes of resin,

with lead also showing a difference, however copper shows a similar variance.
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(a) (b)

Figure 6.5: Concentration of metals on the resin surface calculated by solution
phase difference in the leachate slurry and by stripping for System 1 (a) and 2
(b) (1M nitric acid, 24h, 20◦C.

6.4 Discussion

Rheology

As there is a marked variation in, not only sludge characteristics and complexity,

but also measurement techniques [206], the main deciding factor for a viability of the

sludge will be that of a comparison between the simulant and real sludge utilising

the rheological equipment at the disposal of the current author. Descriptions of

rheological models, fitting of the rheological data to the models and the physical

characteristics of sewage sludge is contained within Tables D.1 - D.4. The best

results for both the simulant sewage sludge and the anaerobically digested Esholt

sludge were attained by fitting the rheological data with the Herschel-Bulkley

Model, this led to a very close comparison of both slurries (Figure 6.6). Fitting this

model leads to the calculation of negligible yield stress from any of the simulants

or the actual sludge, compressing the function into the Power-Law.

While sludge has been fit to both the Plastic Power-Law and Herschel-Bulkley

model, it is most commonly fit to the power-law model [209,211–214], and since both

the simulant and Esholt sludges not only obtained reasonable fits to this model

(Table D.3), but also obtained negligible yield stress within the Herschel-Bulkley

fitting (Table D.4), this model will used to compare to literature sources of sludge
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Figure 6.6: Comparison between the simulant and Esholt sludge fitted Herschel-
Bulkley parameters.

rheology. Two sources were chosen for comparison for either the rheological

method used being similar in nature the that of this study [214] or the display of

variation from sludge to sludge measured by the same rheological method [213,214].

This pseudo-plastic behaviour is consistent with other sources of information that

fit the sewage sludge to the power law model, and is compared to many of the

literature results in Figures 6.7 and 6.8.

The consistency index of sewage sludge varies widely, from <0.025 Pa.sn

for sludges from Bari West and Esholt, to >3 for similar solids content sludges

from Bari East [213]. The 5% solids content simulant sludge consistency index

displays behaviour similar to that of the Esholt sludge, both with similar solids

contents of ∼5%. The values reported for anaerobically digested sludge from

Chapultepéc [214] are also similar to the simulant with a similar solids content (both

roughly 10% solids).

The sludge rheological constants display much less scatter than the

consistency index. Majority of the digested sludge measurements obtained n

values of ∼0.3 <n <0.5, while the sample from Esholt is lower and both Monopoli

and Bari East [213] are well beyond this region, although the solids content of
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Figure 6.7: Comparison of the consistency index, K (Pa.sn), of the simulant
sewage sludge at 5, 10 and 20% moisture content, compared with the Esholt
sewage sludge and literature values [213,214].

the last two samples are <2% solids. The simulant rheology constant displays

consistency regardless of solids content, and while this is not necessarily the

same as real sludges, it does fall within the large scatter of literature values.

Leaching

With leaching of metals from real sewage sludge proven possible by acidic and

oxidative leaching within the literature [36,72,75,82,83], inclusive of the use of acetic

acid [81], this discussion will be solely for the purpose of proving the concept

of this RIP system and not for the determination of operational parameters of

an actual leaching process. As H2O2 concentration increases there is a large

increase in rate and percentage of leached copper as well as zinc, and in each

case, lead is almost instantaneous. The addition of H2O2 after zinc and lead

dissolution does not effect the total percentage of extracted copper, therefore for

simplicity 9% H2O2 will be used for the leaching stage. Within the short time

frame, this leach performed better than pure sulphuric acid leaches, however

as discussed before, the precipitation of lead sulphate would be deleterious to
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Figure 6.8: Comparison of the rheological constant, n, of the simulant sewage
sludge at 5, 10 and 20% moisture content, compared with the Esholt sewage
sludge and literature values [213,214].

this process [63,70,76,77]; the system also outperformed both acetic and citric acid

leaches (with the exception of copper being leached to 50% by the citric acid

system after numerous days) [78,80,81]. While there was success with comparisons

to purely acidic leaches, the addition of stronger oxidising agents, or longer time

periods, has proven to increase metals dissolution [36,72,75,82,83].

Despite the complexing nature of acetic acid, the neutralisation stage led to

the precipitation of previously dissolved species. The most dramatic effect being

caused by neutralisation by 50% NaOH, assumed to be due to the occurrence of

localised regions where the pH of the slurry is much higher than the bulk, prior to

effective diffusion. There was, however a remarked decrease in leached fraction

upon neutralisation by both 50% and 1M NaOH.

In order to discuss this, Figure 6.9 reports predominance diagrams of copper

(a), iron (b), lead (c) and zinc (d), in a system containing all four metallic species,

as well as phosphate and acetate species. Neutralisation led to a decrease
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in dissolved lead species, most likely due to the modelled formation of lead

phosphate (Figure 6.9c). Due to the addition of iron for the removal of phosphate

during the treatment of wastewater [14], there is most likely a predominance of

iron phosphate over calcium phosphate (as was added directly to this simulant).

As iron phosphate is far less soluble than many other species, there is a high

likelihood that, either this will be the preferentially precipitated species, or there

will be little to no solution phase phosphate generated throughout the leaching

stage.

(a) (b)

(c) (d)

Figure 6.9: Predominance diagrams of copper, iron, lead and zinc
acetic acid and phosphate, generated using the combination software suite
HYDRA/Medusa [104].

An issue that arises with the inclusion of higher iron concentration is the

precipitation of cuporousferrite species (Figure 6.9a). Copper is not only one of

the higher concentration species in sludge, it is also the highest value species
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of those studied throughout this thesis, and therefore the most attractive for

recovery [41]. Due to this, there is the necessity for a fine control of both pH

and ORP, as there is a small window where the predominant copper species

will be that of the soluble copper acetate, rather than the precipitated CuFeO2

species. At pH 4.5 (in the presence of acetic acid) with an ORP below ∼500mV,

the predominant copper species would be CuFeO2 as a solid species, however

above this ORP, copper will exist as either Cu2+ or copper-acetate species (Figure

6.9a). While ∼50% of the leached lead remained in solution after an increase in

pH, this is not modelled to be the case, as lead phosphate is extremely insoluble,

and acetate is not a strong enough complexant to compete, unlike with sulphate.

Both of these issues, however, can be rectified with the control of both pH and

ORP in order to precipitated iron as both haematite and iron phosphate species.

As was initially discussed, the aim of this section was not to characterise a

realistic leaching scenario, as leaching of sewage sludge is not novel and this is

an extremely simplified system, therefore development of a leaching process that

could be called comparable is of little merit. What is important, however, is that

there are mobilised metals within the slurry so that the viability of the increase

in pH and extraction via a RIP system can be determined. The focus therefore

is not on this as a definitive leaching study, but more of a preparation stage for

the ultimate goal of removal of mobilised metallic species from a sewage sludge

leach slurry.

Resin-In-Pulp

The mass balances of the unoptimised process of both System 1 and 2

are included within Table 6.5. Within both systems, recoveries of the metals

calculated by a difference in solution phase species is fairly low; 13 (Cu), 2

(Pb) and 29% (Zn) for System 1 and 22 (Cu), 19 (Pb) and 54% (Zn) for System

2. Analysis of the data obtained by elution of the resin, however, describes a
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much more effective process in both instances (27 (Cu), 23 (Pb) and 43% (Zn)

recovery within System 1 and 22 (Cu), 38 (Pb) and 54% (Zn) recovery within

System 2). This leads a maximum mobile phase removal of 109, 42 and 59%

for copper, lead and zinc, respectively (calculated by mass); such high disparities

(and such large solution phase removal of copper) leads to the assumption that

there are beneficial dissolution processes occurring, by either dissolution from

a solid phase compound or desorption from organic matter, as was the original

hypothesis for the RIP system.

Table 6.5: Percentage of metal in each phase from the final mass balance.

Copper Lead Zinc

1mL

Remainder in Solid, % 61±2 34±1 11.1±0.2

Solution phase, % 12.4±0.5 44±2 45.5±0.9

Recovery, % 27.0±0.2 22.6±0.5 43.4±0.6

Removal from solution, % 76±3 24±0.9 43.6±0.9

2mL

Remainder in Solid, % 52±3 25±1 22±2

Solution phase, % 9.3±0.6 37±2 24±2

Recovery, % 38.9±0.3 37.9±0.3 53.6±0.4

Removal from solution, % 109±7 42±2 59±4

With respect to the saturation limits calculated within Chapter 5, there is

a theoretical resin saturation in system 1 and a theoretical excess of resin

within system 2; referring to the mobile phase fraction of each metal after

the neutralisation stage (0.23±0.01mM and 0.27±0.02mM for System 1 and 2,

respectively) neither system was in saturation at the time of resin contact. With

this taken into account, the total resin saturation by leached species of each

system is 55 and 31% for system 1 and 2, respectively. The increase in the

volume of added resin increased the recoveries of metal by the resin, as would

be assumed with the over saturation levels calculated, it is also assumed that
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saturation of the resin is achieved due to the contact for 6 half-lives of zinc.

Contrary to both assumptions, and the resin saturation, >90% of solution phase

metals for each species was not extracted.

Due to the discrepancy between the values obtained from a clean metal system

in comparison with this RIP system, experimental values were integrated into the

desorption-modified Langmuir, Langmuir isotherm models in order to determine

competition limitations and pseudo-first order and pseudo-second order models

in order to determine kinetic limitations. While the fitting to the isotherm models

is fairly straight forward (substitute in the Ce, mmol L−1, into the models with the

fitted variables), fitting to the kinetic models required determination of a potential

qe values as equilibrium was not technically reached (>98.4% had occurred,

according to half-lives). Therefore, in order to do this, the percentage completion

of reaction was calculated for each species according to the half-life, and this was

then used to determine a theoretical experimental qe. Utilising this to compare

performance of the RIP system with a clean multi-metal system we gain the

values reported within Table 6.6.
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Table 6.6: qe values obtained by modelling the experimental Ce values from the
RIP system with the parameters obtained within Chapter 5.

Copper Lead Zinc

1mL (mg g−1)

Experimental qe 0.137±0.001 0.0344±0.0007 0.198±0.003

Desorption Langmuir qe 1.5 0.27 0.41

Langmuir qe 1.3 0.26 0.39

Pseudo-1st order qe 0.14 0.034 0.20

Pseudo-2nd order qe 0.12 0.026 0.15

2mL (mg g−1)

Experimental qe 0.11±0.04 0.029±0.006 0.15±0.09

Desorption Langmuir qe 1.4 0.24 0.40

Langmuir qe 1.1 0.23 0.38

Pseudo-1st order qe 0.09 0.021 0.11

Pseudo-2nd order qe 0.11 0.029 0.15

The modelled qe values obtained by fitting both the desorption-modified

Langmuir and Langmuir model overestimate the experimental values by an

order of magnitude for both copper and lead, displaying a better estimate of

the zinc equilibrium capacity, at 2-3 times the experimental qe (mmol g−1). In

contrast to this result, however, fitting the models to the pseudo-first and pseudo-

second order kinetic models produces qt values that are remarkably close to the

experimental values. From this it can be determined that the kinetics of extraction

are not necessarily the limiting factor in this instance, the limiting factor is the

saturation of the resin.
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Species logKsp logβ

Ca3(OH)2 23.11

Ca(OH)2 7.90

CaAc 0.55

Figure 6.10: Speciation diagram of calcium in acetate media generated using
the HySS software suite [125], stability constant data obtained from the NIST
stability constant database included within the table [126] and the predominance
diagram generated using the HYDRA/MEDUSA software suite [104].

This is potentially due to a competition with calcium, as CaHPO4 is soluble

in this media (determined by the solubility data displayed within Figure 6.10),

leading to an extremely high concentration of free calcium ions. The binding

of acetate to calcium in comparison to other metals within this system is

a fairly weak interaction (displaying 50% Ca2+ and CaAc at pH ∼4.5, with

CaAc displaying a low stability constant of 0.55) and calcium is in high excess

of the other metals (∼8000ppm vs 200ppm). While this could seem to be

mitigated by the use of iron phosphate within the simulant, and not CaHPO4,

high concentrations of calcium are still prevalent within sewage sludge due to

pH control via lime/limestone [14]. The precipitation of gypsum with sulphate

concentrations could lead to a hindrance to the adsorption, however the weakly

binding acetate species is still capable of stabilising a percentage of calcium in

the solution phase.
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(a) (b)

(c) (d)

(e)

Figure 6.11: Speciation diagrams of calcium, copper, iron, lead and zinc citric
acid and phosphate, generated using the HySS software suite [125] and stability
constant data obtained from the NIST stability constant database [126].

In order to potentially discuss the competition between calcium and the other

metallic species for IDA binding, the speciation of each metal in contact with
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aqueous IDA ligand is displayed in Figure 6.11, with stability constants reported in

Table 6.7. Copper, iron(III), lead and zinc maintain IDA complexes throughout the

entirety of the pH region modelled, with lead maintaining 100% PbIDA from pH

∼4 to ∼6, copper and zinc transitioning between mono- and bis- complexes and

iron(III) forming bis-complexes from pH >2. Iron(II) doesn’t display appreciable

interaction with IDA in solution until pH >3 where it becomes Fe(II)IDA, then

Fe(II)IDA2. Calcium was not modelled to interact with the IDA functionality

until pH >5. While this alludes to an out-competition of calcium by other

solution phase metallic ions, the abundance of calcium within solution forces the

equilibrium towards calcium-IDA complexes on the resin’s surface. A buffering

acid that creates stronger complexes with the calcium ion, could prevent this out-

competition, however, therefore citric acid, due to its stronger stronger complexing

ability, may be able to mitigate this issue.

Table 6.7: Stability constant data obtained from the NIST stability constant
database [126] (L=IDA functionality, H=proton, OH=hydroxyl).

Species logβ Species logβ Species logβ Species logβ

HL 9.34 CuL2 16.3 Fe(III)L2 9.42 PbL2 9.3

HL2 2.62 CuHL 2.3 Fe(III)HL 2.7 PbHL 3.84

HL3 1.77 CuOHL 8.5 Fe(III)OHL 3.17 PbOHL -2

CaL 2.6 Fe(II)L 5.8 Fe(III)HL2 3 ZnL 7.15

CaL2 5.9 Fe(II)L2 10.1 Fe(II)2(OH)2L2 22.4 ZnL2 12.4

CuL 10.56 Fe(III)L 10.7 PbL 7.36

Viability of the process

Comparing the total metal recovery to the removal of metals by solid-liquid

separations reveals somewhat of a success to this process at this early stage of

its development. Solid-liquid separations of sewage sludge generally generate

a dewatered sludge of up to 80% moisture content [14], assuming that mobile

species are distributed equally, this will result in a similar percentage removal
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of metal. As mobile species of the dewatered sludge will be immobilised by

precipitation by hydrolysis [36], the metallic species are rendered more mobile

(and therefore more hazardous) than prior to the leaching process. With the RIP

process, while there were low recoveries, controlling solution phase calcium or

increasing volume of resin could allow for higher recoveries, not only this but the

recovered species are completely removed from the slurry.

Bearing in mind that this process has not been optimised, and the input

chemicals were chosen with regards to what would be most effective at a

laboratory scale, we can use the recovery of metals to calculated metallic value

extracted on top of the potential phosphate recovery price, and then compare

these results with the input cost of the chemicals required, Table 6.10 is then

generated (it needs to be noted that this does not include chemical consumption

for resin regeneration or elution). From the chemical inputs, the first change that

could be made without much alteration of the process is the exchange of nitric

acid for sulphuric acid, these acids are incomparable with regards to price (<£200

per tonne for 98% sulphuric acid and ∼£400 per tonne for 68% nitric acid [215]), the

diprotic nature of sulphuric acid and higher concentrations would also lend to a

higher economic efficiency. The second, and most obvious however most difficult

to substitute is the hydrogen peroxide (£303 per 25L [216]); the price of this is

extremely high due to the energy required to generate the solution and stabilise

the gaseous molecule within solution. One option for the replacement of this

chemical is the installation of an ozone generation station, and costing between

£5000 and 10000 would be more economically favourable within 10 tonnes of

sewage sludge. The last cost-saving measure would be the reuse of of the resin,

depending on the price of this and the most cost-efficient elution conditions this

could also be a contributing factor for reducing overall cost, as MTS9301 (or the

S930/S930+ legacy equivalents) have the potential to be regenerated and reused,

however the limited studies in this area, especially when considering biofouling of
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the resin within the sludge media, this is an area that needs to be considered.

Table 6.8: Hypothetical costs per tonne.

Input System 1 (£.t−1) System 2 (£.t−1)

MTS9301 102 204
Glacial Acetic Acid 104 104

70% Nitric acid 187 187
30% Hydrogen peroxide 1116 1116

50% NaOH 70 70
Total Expenditure 1578 1680

Metals Cu Pb Zn Cu Pb Zn
Metal Income 0.08 0.04 0.12 0.12 0.06 0.16

Phosphate Income 1.57 1.57
Gross Income 0.24 0.34
Net Income -1576.19 -1678.09
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6.5 Summary

Summarising the analysis conducted on the simulant, the simulant faecal

matter produced by the Pollution Research Group of University of KwaZulu-

Natal [210] can be diluted to similar moisture contents as sewage sludge and

maintain a rheology similar to that of sewage sludge. The variation from sludge

to sludge is so much that this lands within the scatter of data available within

the literature, therefore deciding on either a pump or stirrer in a scaled up,

simulated system should arrive similar values to that of working with sewage

sludge. This should also translate into a correct dispersion of the ion exchange

resin throughout the sewage sludge for diffusion kinetics to remain similar from

real to simulated RIP experiments.

A schematic description of the RIP experiment conducted is depicted within

Figure 6.12, summarising the experiment and the results obtained (Table 6.9).

With the addition of acetic acid, nitric acid and hydrogen peroxide to the simulant

sewage sludge, a 24h leach led to dissolution of 33, 88 and 92% of the copper,

lead and zinc, respectively (for system 1) and 36, 89 and 91% of the copper,

lead and zinc, respectively (for system 2). With a decrease in dissolved species

resulting from the increase in slurry pH prior to the addition of the MTS9301

ion exchange resin, system 1 attained a recovery of 27 (copper), 23 (lead) and

43% (zinc) and system 2 attained 39 (copper), 38 (lead) and 54% (zinc), eluted

from the resin. High removals from solution were recorded, however these were

skewed due to equilibrium shifts and redissolution either from adsorbed species,

hydrolysis or phosphate precipitation. All of these factors lead to a successful

extraction from acetic acid media.
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Figure 6.12: Schematic for the results of the final RIP experiment.

Table 6.9: Summarised extraction results.

System 1 System 2

Resin MTS9301 (1mL) MTS9301 (2mL)
Lixiviant Acetic acid (0.5M) Acetic acid (0.5M)
Add 1 70% nitric acid (pH 1) 70% nitric acid (pH 1)
Add 2 Hydrogen peroxide (9%) Hydrogen peroxide (9%)
Add 3 1M NaOH (pH 4.5) 1M NaOH (pH 4.5)
Metals Cu Pb Zn Cu Pb Zn

A1 33% 88% 92% 36% 89% 91%
A2 25% 46% 75% 29% 49% 74%
A3 12% 44% 45% 9% 37% 24%
A4 27% 23% 43% 39% 38% 54%

Table 6.10: Hypothetical costs per tonne.

Input System 1 (£.t−1) System 2 (£.t−1)

MTS9301 102 204
Glacial Acetic Acid 104 104

70% Nitric acid 187 187
30% Hydrogen peroxide 1116 1116

50% NaOH 70 70
Total Expenditure 1578 1680

Metals Cu Pb Zn Cu Pb Zn
A4 0.08 0.04 0.12 0.12 0.06 0.16

A3 (Phosphate) 1.57 1.57
Gross Income 0.24 0.34
Net Income -1576.19 -1678.09
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While the overall extractions of this process managed to return values

comparable, with the potential for out-competing, the solid-liquid separation with

a single stage process, the overall cost of this process far outweighs the income

that could be generated by sales of the materials extracted within this study. While

optimisation of the process and replacement of the most expensive components

(nitric acid and hydrogen peroxide) could potentially lead to a much more

economically viable process, the easiest way to increase the economic gain would

be to broaden the efforts of extraction from toxic base metals to include valuable

platinum group metals [33,194]. There is also, however, the volatility of phosphate

prices to keep in mind [217], due to the dwindling nature and disproportionate

control of reserves (Chapter 1). While this exact process may not be conceivably

profitable at the time of writing this thesis, the future nature of phosphate supply

may not be so certain, and this invaluable resource may be harvested in this

manner.



Chapter 7

Citric Acid Adsorption System

Summary

This chapter will focus on the removal of copper, iron(II), lead and zinc

from a simulated citric acid sewage sludge leachate by commercially available

MTS9301 ion exchange resin, determining the effect of citrate concentration,

metal abundance and time. Solution phase speciation was predicted by HySS.

Isotherm data obtained was fit to Freundlich, Langmuir, Temkin and Dubinin-

Radushkevitch isotherm models and the previously proposed desorption modified

Langmuir model, while kinetic data was fit to the Particle and Film-diffusion,

Elovich, Lagergren and Pseudo-second order models. Copper displayed the

highest capacity within this media (1.79±0.06mmol g−1), while lead and zinc

displayed capacities a fraction of this (0.50±0.01 and 0.391±0.007mmol g−1,

respectively). Copper displayed the fastest binding mechanism with a half-life

of 12.7±0.7min, while zinc and lead displayed half-lives of 31±2 and 32±4min,

respectively. Iron(II) displayed a lack of affinity for MTS9301 within citrate media,

desorbing from the resin surface as an equilibrium was met with the other metals.

Generally, citric acid, while being an excellent stabilisation agent for mobile

metals, can be utilised in order to allow for effective and selective extraction.

185
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7.1 Introduction

With competition hindering extraction within the acetate system, this chapter

will attempt to characterise the stronger complexing citrate system with respect

to the IDA functionalised MTS9301. This study will also include a multi-metal

isotherm and kinetic exploration of the citrate-IDA system, accompanied by

speciation modelling of the solution conditions. This study will not only add into

a body of work contributing to the development of a RIP process for the removal

of heavy metals from sewage sludge, but also has implications in contribution

to the extraction of value from waste electronic equipment and other citric acid

hydrometallurgical processes [218].

7.2 Methods

Reagents and Analysis

All chemicals used were of analytical grade or higher and purchased from

Sigma-Aldrich. Metal solutions were generated by adding chloride salts of each

metal apart from lead that was added as a nitrate. MTS9301, supplied by Purolite,

was preconditioned by 24 hour contact with 1M H2SO4 (10 bed volumes) prior to

washing with 50 bed volumes of deionised water. Analysis was conducted by

AAS, as described in Chapter 2.

Citric Acid Concentration Dependence

Reliance on citric acid concentration on the extraction efficiency of MTS9301

was conducted by alteration of citric acid concentration. Solutions were made to a

concentration of 100ppm each of copper, iron(II), lead and zinc, 0.5mol L−1 sodium

chloride and citric acid concentrations of 0.01, 0.05, 0.1, 0.25 and 0.5mol L−1. The

pH of each solution was adjusted to pH 5.75 by addition of sodium hydroxide. A
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50mL aliquot of each solution was contacted with 2mLwsr, and equilibrated for

48h at 20◦C (agitated at 250 rpm, as described in Chapter 2).

Extraction Isotherms

Isotherms were undertaken to understand the capacity of MTS9301 for copper,

iron(II), lead and zinc within citric acid media. Due to the large influence of

equilibria on the values obtained, and therefore influence that molar ratios will

have on each adsorption reaction, equimolar solutions were generated. Solutions

were made up as mixed metal solutions at 200mmol L−1 of each metal. Each

solution was made to a concentration of citric acid media determined within this

study and 0.5M NaCl and then adjusted to pH 4.5 using NaOH. Isotherms were

conducted by contacting 2mLwsr with volumes of mixed-metal solution ranging

from 25-400mL. Contacts were allowed to reach equilibrium for 48h, agitated on

an orbital shaker (250 rpm) at 20◦C.

Extraction Kinetics

Kinetic analysis of the extraction of copper, iron(II), lead and zinc by MTS9301

from citric acid media was attempted contacting 10mLwsr with 500mL and

agitated (250 rpm) at 20◦C. Solutions were made to a concentration of 200ppm of

each metal, with a NaCl concentration of 0.5mol L−1 and a citric acid concentration

determined within this study. Contacts were conducted over a 48h period, taking

1mL samples at set time periods between 0 and 48h.

7.3 Results

Citric Acid Concentration Dependence

Figure 7.1 displays the distribution coefficients of the extraction of copper,

iron(II), lead and zinc from citrate media as a function of citrate concentration.
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This displays a distinct increase in copper extraction with decreasing citrate

concentration, as kd values increased from 3 to 16 by 0.01mol L−1 citrate. A

similar increase was observed with iron(II), however occurring at much lower

concentrations, with a kd of almost zero until 0.01mol L−1 citric acid, then an

increase to ∼2.5. Both zinc and lead display increase in kd values with

decreasing citrate concentrations, however remain higher than iron(II); which is

then counteracted by a citrate concentration of 0.01mol L−1 as the extraction of

both species decreases dramatically.

Figure 7.1: Distribution coefficients of the extraction of copper, iron(II), lead and
zinc from citrate media as a function of citrate concentration (initial concentration
100ppm; temperature 21◦C; 0.5M NaCl; 0.01-0.5M acetic acid; initial pH 5.75;
2mlwsr; 50ml solution; 24h).

Mixed Metal Isotherms

Mixed metal isotherms of copper, iron(II), lead and zinc are displayed in Figures

7.2 (a), (b), (c) and (d). Copper is extracted to ∼1.6mmol g−1, displaying a steep

increase in qe until a Ce of ∼0.2mmol L−1, where the gradient increase is more

linear. Both zinc and lead display substantial levels of desorption as the volume
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of solution in contact with the resin is increased, for both species, this occurs at a

Ce of 1-1.25mmol L−1. The extraction of iron displays a decrease until 1.5mmol L−1

before a rapid increase in extraction at a Ce of 1.75mmol L−1, then following a

similar decrease trend from ∼2.0mmol L−1.

(a) (b)

(c) (d)

Figure 7.2: Concentration dependent extraction of copper (a), iron (b), lead (c)
and zinc (d) by MTS9301 in citric acid media (initial concentration 200mmol L−1;
temperature 21◦C; 0.5mol L−1 NaCl; 0.1mol L−1 citric acid; 2mlwsr; 25-400ml
solution; 24h).

Kinetics

The time dependent extraction performance of MTS9301 in citric acid is

reported in Figure 7.3. Copper is the first species to attain equilibrium, at

<250min. Zinc and lead reach equilibrium after copper at <700min, with iron
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reaching a peak adsorption at ∼ 500min before being desorbed from the resin

back into solution. Equilibrium concentrations on the resin surface allude to the

highest affinity for copper, with lead and zinc being similar, and iron(II) displaying

a much lower affinity.

Figure 7.3: Time dependent extraction of copper (a), iron(II) (b), lead (c) and zinc
(d) by MTS9301 in citric acid media (initial concentration 200ppm; temperature
21◦C; 0.5mol L−1 NaCl; 0.1mol L−1 citric acid; 10mlwsr; 500ml solution).

7.4 Discussion

Citric Acid Concentration Dependence

With decreasing concentration of citric acid, there is a clear increase in

extraction of most metals. This is most obvious with both copper and iron(II), with

copper kd increasing from 3 to 16 and extractions of iron(II) extraction increasing

to 98% from 6% (with citrate decreasing from 0.5 to 0.01M, Figures 7.1 and E.1).

This trend is contradicted by lead and zinc at 0.01mol L−1 which both display

sharp decrease in extraction. This phenomenon is due to two potential factors.
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The first explanation for both trends is the complex stability constants for lead

and zinc being higher than that of iron(II) for citric acid, forcing iron(II) out of

complexes (Figure E.2). The total molar concentration of metals within solution

is 0.0054mol L−1 (100ppm of each metal, vs 0.01mol L−1 citric acid) leaves the

total concentration of free citrate almost saturated (<50% remaining in solution),

leading to lower complexation of iron(II) and higher competition for both lead and

zinc fro the remaining citrate complexes.

The sudden decrease at 0.01mol L−1 citrate can also be hypothesised to be

due to the exchange of metals for protons on the metals surface. The logarithmic

relationship between protons and metals led to a large decrease in pH (pH 5.75 to

∼2.5, Figure E.3), leading to a final proton concentration of ∼0.0032mol L−1 H+.

The citric acid concentration of 0.01, will display a far lower buffering capacity,

especially considering the exchange for 0.0054mol L−1 divalent metals, as well

as any proton-sodium exchange. The decrease in pH pushes the system into

a far less favourable pH region for the extraction of both lead and zinc, where

mono-citrate complexes out-compete for the IDA functionality [119].

Mixed Metal Isotherms

Four common two parameter isotherm models that will be used for description

of the data obtained within this study are the Freundlich, Langmuir, Temkin and

Dubinin-Radushkevitch (D-R) models. While these models are generally used for

modelling singular metal systems, there is still merit that can be obtained by fitting

them to regions of a multi-metal isotherm that do not incur either competition or

desorption. These models are included within Table 7.1.

The Freundlich isotherm can be used to describe the heterogeneity of

a binding species (determining relative sorption capacities, aF and intensity

of binding/heterogeneity, bF ), and the Langmuir model describes a system
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Table 7.1: Two-parameter single-metal isotherm models used within this
study [151,152].

Name Model
Freundlich qe = aFC

bF
e

Langmuir qe = qmaxaLCe

1+aLCe

Temkin qe = RT
bT
ln(aTCe)

D-R qe = qDexp
(−BD(RTln(1+ 1

Ce
))2)

undergoing monolayer sorption (determining the monlayer sorption capacity, qmax

(mol g−1) and the Langmuir isotherm constant, aL (Lmol−1)). The energy related

to sorption can be dertermined by the Temkin isotherm (bT (Jmol−1) is related to

the heat of sorption and aT is the Temkin isotherm constant), and D-R isotherm,

which is also capable of determining the resin capacity (qD, mol g−1). The D-R

free energy of adsorption , E (kJmol−1), is then determined using BD
[151,152], by:

E =
1√

2BD

(7.1)

The fits of the multi-metal isotherm data to each previously described models

the data reported in Table 7.2, displaying the data for both the entire dataset of

each metal and that of an altered data set, where the model is fit to the point

where experimental qe is equal to experimental qmax. Copper fits to the Temkin

model with the highest r2 value (0.997), then the Langmuir model (0.988); both

Freundlich and D-R models then fit with an r2 of 0.940 and 0.961. Due to the

scatter in the data and the poor performance, iron(II) was not able to be fit to any

of the models. While zinc attained an r2 of 0.955 when fit to the Langmuir model,

the altered datasets provided much better fits to all models, with the poorest fit to

the Freundlich model. The altered dataset of lead was capable of being fit with r2

of >0.95 better.

Within the citric acid system, the intensities of binding of both copper and

lead are similar, leading to an assumption of slightly heterogeneous binding



7.4. DISCUSSION 193

Table 7.2: Variables obtained by fitting the mixed metal isotherm data of
MTS9301 to the two parameter isotherm models.

Model Values Copper Iron(II) Lead Zinc

Unaltered Dataset

Freundlich aF 0.03±0.01 – 0.0023±0.001 0.0015±0.0004

bF 0.42±0.04 – 0.29±0.07 0.22±0.04

r2 0.940 0.312 0.735 0.828

Langmuir aL 7900±700 – 5000±1000 14000±2000

qm 1.79±0.06 – 0.40±0.02 0.38±0.01

r2 0.988 0.000 0.878 0.955

Temkin bt 6800±100 – 31000±4000 41000±4000

at 92000±4000 – 5±3×104 3±1×105

r2 0.997 -0.005 0.815 0.893

D-R qD 5.7±0.7 – 0.8±0.2 0.66±0.08

BD 4.0±0.3×10−9 – 3.2±0.7×10−9 2.3±0.4×10−9

Energy 11200±400 – 12000±1000 15000±1000

r2 0.961 0.301 0.772 0.865

Altered Dataset

Freundlich aF – – 0.009±0.003 0.0021±0.0006

bF – – 0.46±0.04 0.26±0.04

r2 – – 0.964 0.909

Langmuir aL – – 2800±200 12000±1000

qm – – 0.50±0.01 0.391±0.007

r2 – – 0.997 0.990

Temkin bt – – 2200±700 36±3×107

at – – 26000±2000 19±6×104

r2 – – 0.992 0.963

D-R qD – – 1.5±0.2 0.77±0.08

BD – – 4.8±0.4×10−9 2.6±3×10−10

Energy – – 10200±400 13800±800

r2 – – 0.977 0.937



194 CHAPTER 7. CITRIC ACID ADSORPTION SYSTEM

for both species. The heterogeneity was much less apparent within the zinc

system (bF value of 0.26, accompanied with a much lower fit correlation). The

extremely homogeneous nature of zinc can be explained by the overwhelming

majority complexation of ZnHCit within solution (Figure E.2), while lead displays

a combination of mono- and bis-citrate complexes, relating to the more

heterogeneous intensity of binding; similar, in both cases, to what is observed

within the single and multi-metal acetate systems. Copper, while it displays

a majority CuOHCit−2 speciation, also displays slightly heterogeneous binding

towards this functionality within the acetate system (Chapter 5); hypothesised to

be due to a transition from proton-metal exchange to metal-metal exchange on

the IDA functional groups of MTS9301, which would also be assumed to be the

case in this situation, being more pronounced than within the acetate system with

a much better description obtained by the Freundlich model (Chapter 5).

The low level of heterogeneity displayed in each of these fits is emphasised

by the excellent fits observed for the Langmuir, monolayer model. Copper

displays the highest monolayer capacity, by far, at 1.79mmol g−1, with lead

and zinc displaying lesser capacities at 0.50±0.1 and 0.391±0.0007mmol L−1,

respectively, all displaying reasonable estimates of the experimental data (copper

and zinc being within error and lead being within 20% of experimental value),

also being comparable capacities observed in the absence of complexing

agents [163,172]. This is a similar observation to that of the acetate system, where

copper has a much higher affinity towards the IDA functionality than the other

metals; which is not perturbed by the presence of 0.1mol L−1 citrate, a similar

statement can be made for all metals, apart from iron(II) (Chapter 5).

The free energy of adsorption for copper, lead and zinc are all reasonably close

with energies relating to ion exchange mechanism energies. In this instance,

there are variances between the acetate and citrate systems, with a trend of Zn

>Cu >Pb, while in the acetate system copper returns the lowest free energy of
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binding (Chapter 5). This is same trend is observed with reference to the Temkin

binding energies, with a larger variation between zinc and copper, however there

is an inability to fit the Temkin isotherm to the acetate data. The observed trend

is hypothesised to be due to the neutral charge on the ZnHCit complex, opposed

to the negative charge on the copper complex (Figure E.2), leading the copper

complex to be attracted to the IDA functionality through a δ-positive caused by

the doubly protonated IDA functionality at this pH. In the citrate system 100%

of copper is found in CuOHCit2− complexes and 100% of copper is in CuIDA2
2−

(at pH5.75). In contrast, not only do acetate complexes display lower stability

constants (citrate out-competing the mono-, bis- and tris- acetate complexes),

the lower pH dictates the higher abundance of CuIDA, and therefore a stronger,

less heterogeneous binding mechanism [119]; although, the mechanism change

(proton-metal to metal-metal exchange) was less pronounced in the citric acid

system, playing another factor into the variation between systems. The lower

binding energies of lead, are assumed to be caused by the lack of chelation within

the IDA complex of the lead metal due to the large ionic radius of this ion.

While the models designed for systems containing singular metals fit well to

each of these systems, either altered datasets or not, this is no description of

processes governed by competition/desorption. This process has attempted to

be described previously with the model:

qe =
qmaxaLCe
1 + aLCe

− desCdes
e (7.2)

which is an alteration of the Langmuir model, where qmax and aL are

the adsorption maximum (mol g−1) and Langmuir equilibrium constant (Lmol−1),

respectively. This model then proposes an extra constant, des, that accounts

for desorption (Chapter 5). While this model found difficulty in describing

systems where there was a transition from proton-metal exchange to metal-metal

exchange, it was able to describe a system that displayed desorption/competition
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where saturations was reached, and give numerical value to the level of

desorption occurred, allowing comparison between metals that showed a

reduction in qe.

Table 7.3: Variables obtained by fitting the mixed metal concentration
dependence data of C107E to the desorption corrected Langmuir isotherm
model.

Model Values Copper Iron(II) Lead Zinc

Desorption aL 9000±1000 – 1500±400 10000±1000

Langmuir qm 1.81±0.06 – 0.8±0.1 0.44±0.02

Des 6±6×10−5 – 1.35±0.05 1.58±0.05

r2 0.989 0.542 0.977 0.980

Table 7.3 displays the parameters acquired from fitting the desorption-modified

Langmuir model to the isotherm data obtained within this study. Overall, this

model was capable of fitting the unaltered data better than the single metal

isotherm models were capable of doing, with r2 values of 0.989, 0.977 and 0.980

for copper, lead and zinc, respectively. While both copper and zinc displayed

reasonable estimations of the experimental qmax, the estimation of lead was

almost double of the experimental value. The Langmuir equilibrium constants

remained similar between the two models.

It is observable from the isotherm profiles that copper displays very little, if any,

desorption, which is then emphasised by the negligible desorption constant of

6±6×10−5. Lead and zinc reported desorption values relative to that observable

within this study, with lead displaying lower desorption than zinc. Both lead

and zinc decrease in adsorption sharply until ∼25%, however the decrease in

extraction is observed to be sharper in the case of zinc, than lead, with lead

reaching ∼25% at total concentration of ∼0.0005 moles and zinc at closer to

0.0004 moles.
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In a similar manner to the acetate system, using the same resin, there was a

desorption trend of Zn>Pb>>Cu. The high affinity of copper for this functionality

is again displayed through its out-competition of lead and zinc within another

media (Chapter 5). The stability of zinc within solution by the formation of

ZnHCit complexes, however has led to a higher level of desorption. In order for

>90% extraction of all three metals, total molar concentration of metals cannot

breach 0.1mmol, as opposed to the 0.729mmol within the acetate system. In the

face of this, however, there is a much lower interference by iron(II), and due to

the high concentration of iron within sewage sludge, potentially negating issues

concerning iron saturation.

Kinetics

The adsorption kinetics will be fit to the particle diffusion, film diffusion, Elovich,

Lagergren and pseudo-second order kinetic models in order to describe and

compare the kinetic limitations of each metal. These models can help in the

determination of diffusion limitations, description of reverse reaction processes

and operational parameters. The kinetic models in Table 7.4 give a brief outline of

the models that will be used for description of the MTS9301 kinetics within citric

acid media, in each case qe is the equilibrium concentration of the respective

metal on the resin’s surface (mmol g−1).

Table 7.4: Kinetic models used within this study.

Name Model

Particle Diffusion qt = kPDt
1
2 + C

Film Diffusion qt = qe(1− ekFDt/2.303)

Elovich qt = 1
β ln(t+ 1

αβ ) + 1
β ln

1
αβ

Pseudo-First Order qt = qe(1− e−‘k1t)
Pseudo-Second Order qt = q2ekt

1+qekt
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The particle and film diffusion models describe kinetics that are dictated

by either diffusion through the particle or a stagnant concentration gradient

at the particle-solution interface. In this case, kPD and kFD are the particle

and film diffusion rate constants, respectively, with C begin the boundary layer

thickness [195]. The Elovich model is capable of describing heterogeneous

binding where both forward and reverse reactions are described; with β as the

desorption constant (gmol−1) and α as the initial sorption rate of the reaction

(mol/gmin) [201,219].

The pseudo-first and pseudo-second order rate models are capable of

determining stoichiometric factors of reaction kinetics, however, using these

operational parameters such as the initial rate and reaction half-lives can be

calculated [201,203]. With a fit to the Lagergren pseudo-first order kinetic model,

the half-life of an adsorption process can be calculated by:

0.693

‘k1
(7.3)

where ‘k1 is the pseudo-first order rate constant. From the parameters then

acquired through the pseudo-second order model, the initial rate of reaction (h0)

and the half-life of the reaction [203,220], respectively with the following equations

(where k2nd is the pseudo-second order rate constant):

h0 = k2ndq
2
e (7.4)

1

k2ndqe
(7.5)

The variables obtained by fitting the kinetic data of the adsorption of copper,

iron(II), lead and zinc from citric acid media by MTS9301 are displayed in Table

7.5. Neither copper, lead nor zinc was able to reasonably fit to the particle
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Table 7.5: Non-linear kinetic modelling data for MTS9301 within citric acid
media.

Model Value Copper Iron Lead Zinc

Experiment qe 622±5×10−3 144±2×10−3 141±1×10−3 388±2×10−3

Particle KPD – – – 5±1×10−3

Diffusion C – – – 0.17±0.03

r2 0.442 0.113 0.629 0.708

Film KFD 117±7×10−3 – 51±6×10−3 49±8×10−3

Diffusion qe 613±8×10−3 – 135±3×10−3 36±1×10−2

r2 0.982 0.641 0.963 0.922

Elovich α 1±1 – 2±1×10−2 6±2×10−2

β 15±3 – 52±5 19±1

r2 0.789 0.411 0.922 0.962

Lagergren qe 613±8×10−3 – 135±3×10−3 36±1×10−2

k1st‘ 51±3×10−3 – 22±3×10−3 21±4×10−3

t1/2 13.7±0.9 – 32±4 32±6

r2 0.982 0.641 0.963 0.922

Pseudo-2nd qe 638±5×10−3 – 143±1×10−3 380±7×10−3

Order k2nd‘ 51±3×10−3 – 23±1×10−2 82±9×10−3

t1/2 12.7±0.7 – 31±2 32±4

h0 50±3×10−3 – 46±3×10−4 12±1×10−3

r2 0.994 0.653 0.996 0.983
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diffusion model, instead all display reasonable correlation coefficients when

described by the film diffusion model. The Elovich model fits reasonably to both

lead and zinc, however copper was not described in a reliable manner. Both

Lagergren and pseudo-second order models fit to this data with quite reliable

correlation coefficients (r2 >0.9), however there are observably better fits for the

pseudo-second order model. Iron(II) will not be mentioned throughout this section

of the discussion, as the slow desorption towards equilibrium generated difficulty

to model.

The reasonable fits to the film diffusion kinetic model and the very close

estimations of the experimental equilibrium adsorptions lead to the assumption

of film diffusion determined rates, as opposed to particle diffusion. While the

equilibrium adsorption of copper is predicted by this model to be within error of

the experimental value, neither lead nor zinc are (both being predicted within

∼10% of experimental values). The macroporous nature of the resin bead,

and efficient agitation are likely causes for the prevention of an intra-particulate

gradient barrier.

With regards to the Elovich equation, copper will be ignored due to the poor

fit. The desorption of lead is much higher than that of zinc, regardless of the

fact that the rate of adsorption is much higher than that of lead, again, assumed

to be due to the larger ionic radius of lead. The high binding energies of zinc,

lead to the assumption of a strong chelating interaction between zinc and IDA

preventing desorption. The desorption constants of lead and zinc are similar to

that of the desorption constants that were reported for the same resin within an

acetate system (Chapter 5).

The variation in fits between pseudo-first and pseudo-second order models

leads to the assumption that each adsorption process follows a pseudo-second

order reaction. The kinetics of this process follow the trend Cu >Pb = Zn. This
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heavy reliance on the pseudo-second order kinetic model can be rationalised

by a competition between the equilibrium of the complex formation within each

species and the adsorption to the resin surface. This is reiterated for lead by the

heterogeneous nature of its binding to this functionality. Both copper, and zinc,

while not displaying the multiple species within solution, do display high stability

constant for the complex that is maintained within solution at this pH and citrate

concentration.

While the half-lives for copper and lead are similar to that observed within the

acetate system (lead being slightly larger), zinc displays a half-life nearly half that

of the acetate system. Counter to this, initial rates of both lead and copper are

an order of magnitude higher within the citric acid system, while zinc remains the

same (Chapter 5). In the case of the iminodiacetic acid functionality, copper is

very hindered, displaying a half-life an order of magnitude longer with respect to

the same commercially available resin [182]. Previous studies of carboxylic acid

complexing agents has shown that lead behaves in a kinetically similar fashion

towards both carboxylic acid and IDA functionalise resin (Chapter 5), leading

to the assumption that there is a hindrance of this species towards the IDA

functionality, displaying a much slower half-life than a weak acid resin in the

absence of a complexant [172]. With comparisons to strong acid resins displaying

adsorption half-lives an order of magnitude lower [221], the selectivity of this system

becomes the attractive and interesting feature.

7.5 Conclusions

The adsorption of copper, iron(II), lead and zinc by MTS9301 from citric acid

media has been studied with regards to citrate concentration, metal abundance

and time. Solution phase speciation was modelled in order to determine the

influence of citrate complexes on extraction phenomena. Data obtained from the

multi-metal isotherm and kinetic studies were fit to common isotherm and kinetic
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models as well as an isotherm model derived in an attempt to better describe a

system containing desorption/competition.

It was determined that the most effective concentration of citric acid for the

adsorption of metals from solution was 0.1mol L−1. This allowed for the maximum

amount of copper, lead and zinc to be removed, while suppression of iron(II)

adsorption was maintained at a reasonable level. Above this concentration,

suppression of lead and zinc began to climb, and below this concentration iron(II)

suppression decreased, followed by an increase in suppression of lead and zinc

due to difficulties in maintaining post-contact pH.

MTS9301 maintained relatively average capacities for copper, lead and zinc

within this media, especially considering the multi-metal media. Iron(II) capacity,

however, dwindled markedly with a low equilibrium adsorption that decreased

further with an increase in total metal abundance. While the total effectiveness

of the resin was decreased within this media, modelled capacities for individual

metals did not vary markedly from those observed within the acetate system.

Kinetics, on the other hand were altered by citrate, with desorption of iron(II)

leading to a two stage kinetic process, and the rates of copper, lead and zinc

adsorption improving overall.

This study has shown that citric acid media is a viable media for the RIP system

proposed for the removal of metals from acid leached sewage sludge. While

there are definitely stronger interactions between citrate moieties and metals than

within other weak acid media, the ability for MTS9301 for recovery of copper,

lead and zinc was maintained, while simultaneously reducing interference by iron

within a real system. With implications for both this process and the broader

hydrometallurgical field, citrate has been determined as suitable weak acid,

complexing lixiviant of metals.



Chapter 8

Conclusive Remarks and Further

Work

8.1 Recycling Sewage Sludge

Phosphate, as a resource, is of underrated importance to the global population.

This resource creates the foundation to which every agricultural process is based

upon; without it there would be no crop growth, no livestock and therefore, no

food [3]. Being the precious nutrient it is, a global deficit would be an alarming

prospect.

Currently, the phosphate reserves are sitting at a predicted lifetime of between

30 and 400 years [4,7], this is assuming population growth and consumption

continue to grow at the predicted rate. The time limits vary from source to source

depending on the reserves that have been included within the models [4,7], with

the lower quality reserves being profitable (from an environmental and safety

perspective), as many heavy metals, including in some cases radionuclides,

are incorporated into the phosphate mineral matrix [222]. These numbers are

extremely alarming and, although there may be new natural reserves waiting to

be discovered, the time limit will only be extended, not completely avoided.

203
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With this in consideration, the recycling of ingested phosphate (through the

usage of sewage sludge) becomes appealing. Sewage sludge can contain up to

44% of the phosphate that is contained within commercially available fertilisers [15],

which is an extremely high number considering that it is thought of as waste

in many regions. The reuse of this phosphate source is already reasonably

common, with the utilisation of almost 80% of all sewage sludge for amendment

of agricultural soil within the UK (Figure 8.1) [16]. This agricultural use of sludge is

limited, however, in season and crop application [16], and in many cases not the

most environmentally conscious practice.

Figure 8.1: Proportion of final routes for disposal or reuse of sewage sludge
within the UK [16]

Due to source combination of waste water streams, such as industrial

waste waters, domestic waste waters and storm water, particularly in older

infrastructure, the concentration of metals within sewage sludge can reach

alarming highs. Many metals such as copper, lead and zinc (as well as nickel,

chromium, arsenic and cadmium) can be high enough to render the sewage

sludge unfit for application or at least raise concern for accumulation [34]. This

inclusion of heavy metals into sewage sludge has led to guidelines on sludge
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usage, and is also a cause for the application limits stated previously.

There is a large disparity between the guidelines that are imposed upon

sewage sludge and those that are imposed upon fertilisers; which are far more

stringent [23,24] (Figure 8.2). This means that the application of sewage sludge

as a phosphate source replacement can actually be detrimental to crop growing

land. These disparities in regulation that lead to the requirement of both crop

and temporal limitations regarding sludge application [25] are not imposed upon

mineral phosphate based fertilisers, perhaps with the removal of heavy metals

from sludge, its value as a fertiliser could be increased.

Figure 8.2: Permissible limits of heavy metals within sludge intended for
agricultural application and fertilisers based upon mineral phosphates [23,24,223]

Despite the argument that many of these metals are also micro-nutrients,

and that soil deficiencies within crop-growing regions are increasing [45,224], there

is currently no real effort towards the control of the metallic concentrations

within sludge intended for farming application, with the focus, instead, being on

immobilisation [16,35]. This becomes an issue as, while metals are beneficial to

both crop growth and human health, there is an extremely fine line between
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a deficiency and an excess of many of these metals. Figure 8.3 displays

a comparison between limits of micro-nutrient deficiency, guideline soil limits,

sludge concentrations and levels of micro-nutrients that can lead to plant toxicity.

It can be seen how quickly accumulation of excessive micro-nutrients is not only

an issue with sewage sludge, there is also this concern leading to plant toxicity

with regards to micro-nutrient amended soils [35,45]. The deleterious effects of

accumulations of micro-nutrients within soils can lead to toxicity within crop growth

for decades after the excess becomes obvious [45].

Figure 8.3: A comparison of the concentration of metals that constitute a
deficiency in micro-nutrients [225], concentration of metals within sludge (Cu, Zn
and Mo were referenced Inglezakis, et al. 2014 [34], while a lack of data required
Mn and Mo to be sourced from Vriens, et al. 2017 [33]), limits of metals within soils
for sludge application [23] and levels that lead to toxicity within plant matter [45].

The high concentration of metals within sewage sludge, although limiting for

the agricultural utilisation, open up the opportunity for a stockpile of raw metals,

generating the potential for a secondary income stream. Toxic metals such as

cadmium,copper, lead, nickel and zinc, these contain value within their own

right [40–42]. While base metals do not carry the highest of value propositions,

the waste water input unlocks a further far more valuable proposition - precious
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metals [33].

Table 8.1: Values of specified precious metals attainable from sewage sludge.

Metal Value (£.t−1) Sludge (£.t sludge−1) Reference

Cadmium 30539 0.24 [40]

Cerium 3139 2.68 [40]

Cobalt 25780 1.11 [41]

Copper 5190 0.30 [41]

Lead 1370 0.17 [41]

Neodinium 49091 1.01 [40]

Titanium 3696 0.86 [42]

Zinc 1860 0.29 [41]

Precious Metal Value Sludge (£.t sludge−1) Reference

Gold £1923.4.t oz−1 123.80 [41]

Paladium £1876.49.t oz−1 59.49 [41]

Platinum £681.45.t oz−1 48.20 [41]

Rhodium £733.85.t oz−1 237.09 [42]

Ruthenium £14.78.t oz−1 1.94 [40]

Silver £19.32.t oz−1 65.23 [41]

With the decay of catalytic converters within every car exhaust system, heavily

trafficked areas exhibit high concentrations of platinum group metals (PGM, Pt,

Rh, Rd, Pd) within roadside dirt, itself being a sought after resource [43]. Being

some of the most valuable elements on the periodic table, PGM can be valued

between £14.78 to £1876.49.t oz−1 [40–42]. Couple this with the high concentrations

of gold and silver also found within sewage sludge (in some cases rivalling that

of low quality ore [33]) and the economical picture is starting to build up quite

remarkably.

Much of the work surrounding the removal of metals from sewage sludge

has been focused on metals as a waste material, with a multitude of studies

utilising either bioleaching and chemical leaching methods [61–72,78,79], in many

cases mobilising close to 100% of metals from immobile phases. The downfall is,
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however, that all of these previous studies propose a solid-liquid separation stage

as a final solution, and as dewatered sludge generally has a moisture content

of ∼40-80% [14], a large fraction of the now mobile metallic species will remain

entrained within the solid residue. Despite the later immobilisation of metals by

sludge neutralisation, these fractions will still remain more mobile than the original

sulphide speciation; which is where ion exchange and the current body of work

gains significance.

With a wealth of information surrounding the removal of metals from immobile

phases within sewage sludge already existing within the literature, there is only

one thing necessary to complete the process for the recycling of phosphate

from sewage sludge - that is the effective extraction of metals from sewage

sludge leachate slurry. Utilising RIP technology, it is possible to add a solid

phase extractant directly to the sludge, mitigating the issues that arise for the

current hypothesis of a solid-liquid separations stage [86–92]. This could not only

be hypothesised to be better, environmentally, than the direct addition of sludge,

but it would also create the potential for controlled addition of micro-nutrients and

allow for a potential secondary income via sales of base and precious metals

(Figure 8.4).
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Figure 8.4: A summary where the process derived throughout this thesis fits into the supplementation and replacement of mineral
fertilisers. Arrows in red represent nutrients sourced from commercial fertilisers, arrows in orange represent nutrients sourced directly
from digested sewage sludge and arrows in green represents the RIP process from this thesis.
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The aim of this body of work is to answer the question ”can the use of weak

acids as a lixiviant be used within a RIP process for the removal and recovery

of copper, lead and zinc as an alternative to solid-liquid separation?” This

work has been focused on the usage of weak, complexing acids as a method

of stabilisation of metals within solution, preventing precipitation of the focus

species, understanding the nature of commercially available ion exchange resins

within these media and their applicability to system with a high concentration

of organic solid matter. With the success of weak acid leaching on sewage

sludge [69,71,78,79], the potential for weak acids to add a layer of selectivity upon

the ion exchange resin functionality [118,119,124,135] and the lack of understanding

within this field, the majority of the work conducted surrounded gaining an in

depth understanding of the ion exchange processes within weak acid media,

the mechanistic details and performance of these otherwise well understood

phenomena.

Within this body of work, two broad studies have screened a selection of

ion exchange functionalities within weak acid media, gaining an understanding

of the effect solution phase conditions can display upon commercially available

resins [119,135]. Acetic acid, citric acid and lactic acid were compared against each

other, determining the potential selectivity of each resin within complexing media

(summarised within Figure 8.5), determining that acetic acid had the least effect

overall on the pH dependence of the ion exchange resin, however this led to the

least selectivity within unsaturated conditions. An understanding of selectivity

between functionalities and media is crucial to elucidate a path forward for the

extraction of target metals within media that saturated in problematic species;

this was presented within both acetic (Chapter 4 [124] and Chapter 5) and citric acid

(Chapter 7) systems generating knowledge for scavenging metals within sewage

sludge and hydrometallurgy in general.
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Figure 8.5: Venn diagrams summarising the selective nature of each
functionality determined from the resin screening study within acetic, lactic and
citric acid media. Reproduced from Bezzina et al. 2019 [119].

With an understanding of the ion exchange behaviour within weak acid

established through experimentation and an understanding of the leaching

behaviour gathered from literature sources [69,71,78,79], a lab-scale RIP process

on a simulated sludge was undertaken. Increasing the complexity from clean,

simulated PLS to a more realistic leachate slurry (inclusive of organic matter and

phosphate) led to many downfalls in comparison to the clean PLS counterpart

study; such as inefficient leaching stages, precipitation of target species and

competitive extraction of contaminant species within the leachate slurry. With

all the pitfalls, this led to maximum recoveries of 39% copper, 38% lead and 54%

zinc, this is representative of a simple, single stage extraction process, and the

process has been proved to be possible.

While the recoveries are not 100%, the total number of applications of sludge to

a field would be increased by this value and this process has proved (extraction-

wise) competitive with the solid-liquid separation phase. Furthermore, metals

have been rendered in a commercially attainable form, on the surface of an easily

elutable resin and the application of multiple stages could be utilised to control

the concentration of micro-nutrients, again, increasing the value of this material

as a fertiliser. The economics, on the other hand, were not favourable for the

unoptimised process; with the most profitable case returning a net deficit (before

consideration of cheaper alternative reagents and reuse of the resin) was -£1576.
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This is to be expected, however, when attempting an economical assessment

prior to the implementation of more economical reagents and a linear scaling

from bench experiments.

Understanding the bench-scale nature of this proof-of-concept, it is assumed

that with optimisation, economic selection of reactants and a the addition of

income gathered by the potential extraction of precious metals, this process could

be quite profitable [33,194]. The potential economic gain of the extraction of metals

from sewage sludge, however, is not the sole draw and is most certainly not

the reason that this research was conducted (hence the decided copper, lead

and zinc for extraction within this work). Anthropological, environmental and

sustainability issues surrounding phosphate as a raw material should still be the

main driving factor, so the economic appeal of the process may well be only

used to attract commercial interest and investment; made paramount when this

cost is compared to the dramatic fluctuation in the cost of raw phosphate [217] and

social issues that this can cause [226]. In summary, with the looming shortages

in phosphate reserves, potential environmental issues with the direct application

of digested sludge in agriculture and the potential economic gain with process

optimisation, there is the urgent need for the exploration of every resource that is

available to human kind.
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8.2 Future Work

Engineering the Process

With the experimental success of this work in comparison to the solid-liquid

separation stages hypothesised; issues with regards to competing species and

the effects that solids and complexants within sludge have on the entire ion

exchange process have been determined. These issues are combined with the

uneconomical nature of the process generated, the perceived issues and some

actions that could achieve a higher technical readiness level, are listed as follows:

• Contaminant species are orders of magnitude higher than the focus metals

within sewage sludge.

– A clean PLS study is required on the effect of concentration of iron,

calcium and humic and other strong complexing acids on extraction of

the target metals

– A clean PLS study on the pH, ORP and complexing acid reliance on

haematite and cuprousferrite precipitation will give further details on

the operational conditions

• With all studies on RIP processes, the effect of solids on the kinetics or the

capacity of an ion exchange resin is unknown or unreported.

– Controlled studies must be undertaken, creating a matrix of solids

content vs kinetic and isotherm parameters to understand the effect

that an increase in solids has on the diffusion and equilibrium of ion

exchange adsorption

• Many questions have been risen about the cost and the disposal of the

organic acids required in this study.

– Studies must be conducted into the removal of organic acids from the

liquid effluent product of this process
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– Estimates on the recoverability of these acids through distillation

processes and techno-economic assessments of these processes

should be conducted

• With the current negative attention that microplastics have within the

environmental setting, and the percentage of resins bellow the stated size

range, the possibility of miroplastic release is quite high.

– Novel adsorbent materials, such as extruded polymers, could be

functionalised, to create a strand or woven adsorbent material further

simplifying the separation

– With the thermo-plastic nature of PVC, utilising this substrate for

the extruded polymer backbone could allow for an easily substituted

chloride group as well as providing a cheap, simple source from

recycled plastic materials.

• With the unfavourable economics of this process, optimisations and

reevaluations are required.

– Similar studies should be conducted using sulphuric acid as an

economic alternative to nitric acid within the acidification stage, and

utilising ozone to replace hydrogen peroxide within the oxidation stage

of the metal sulphides

– With the increasing interest in more environmentally friendly and

economic thiourea leaches of precious metals from low quality

ores [227], this should be included into the RIP process for the extraction

of more economically focused metals from sewage sludge.

• With the knowledge of the effect that contaminants and solids can have on

the RIP process, the next stage is to understand how this will perform within

a realistic scenario on the small scale.
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– Conduct RIP experiments on real sewage sludge with parameters

determined from within this thesis

– With the RIP experiment conducted, a techno-economic assessment

is required to understand the feasibility of base metals removal

Fundamental Ion Exchange Study

The use of complexing agents and their effect on ion exchange extractants is

highly understudied. This work has created a lot of questions regarding the effect

of a complexing agent with a similar functional group to that of an adsorbent

matrix has on the performance of this species and therefore the equilibrium

between solid adsorbed species. This knowledge is not only of great benefit

to the extraction of metals from sewage sludge but to the broader the research

and industry surrounding the extraction of value from wastes such as waste

electronic equipment, industrial sludge, landfill, etc. and in a world that is swiftly

approaching shortages in many essential minerals, this is gaining in relevance.

With this, many questions come to mind for a greater understanding of ion

exchangers as scavenger species:

• Can compelxing lixiviants be utilised to generate a more selective ion

exchange process?

• How is each of these processes impacted by ionic strength?

• With the ineffective nature of the desorption modified Langmuir model, is

there a possibility for the enhancement of this model?
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[204] S. Çavu, G. Yaar, Y. Kaya, Z. B. Gönder, G. Gürda, and . Vergili, “Synthesis

and characterization of gel beads based on ethyleneglycol dimethacrylate

and 2-acrylamido-2-methyl-1-propane sulfonic acid: Removal of Fe(II),

Cu(II), Zn(II), and Ni(II) from metal finishing wastewater,” Process Saf.

Environ. Prot., vol. 103, pp. 227–236, 2016.

[205] S. Benkhatou, A. Djelad, M. Sassi, M. Bouchekara, and A. Bengueddach,

“Lead(II) removal from aqueous solutions by organic thiourea derivatives

intercalated magadiite,” Desalin. Water Treat., vol. 57, no. 20, pp. 9383–

9395, 2016.

[206] E. Hong, A. M. Yeneneh, T. K. Sen, H. M. Ang, and A. Kayaalp,

“A comprehensive review on rheological studies of sludge from various



BIBLIOGRAPHY 241

sections of municipal wastewater treatment plants for enhancement of

process performance,” Advances in Colloid and Interface Science, vol. 257,

pp. 19–30, 2018.

[207] J. T. Radford, C. Underdown, K. Velkushanova, A. Byrne, D. P. K. Smith,

R. A. Fenner, J. Pietrovito, and A. Whitesell, “Faecal sludge simulants to aid

the development of desludging technologies,” Journal of Water, Sanitation

and Hygiene for Development, vol. 5, no. 3, p. 456, 2015.

[208] J. Baudez, P. Ginisty, C. Peuchot, and L. Spinosa, “The preparation of

synthetic sludge for lab testing,” Wat. Sci. Tech., vol. 56, no. 9, p. 67, 2007.

[209] K. Wignarajah and E. Litwiller, “Simulated human feces for testing

human waste processing technologies in space systems,” tech. rep.,

SAE International, 400 Commonwealth Drive, Warrendale PA 15096-0001

U.S.A, 2006.

[210] Pollution Research Group, “Selection of synthetic sludge simulant for the

bill and melinda gates foundation’s reinvent the toilet fair,” tech. rep.,

University of KwaZulu-Natal, 2014.

[211] G. Guibaud, P. Dollet, N. T. C. Dagot, and A. Baudu, “Characterisation of the

evolution of activated sludges using rheological measurements,” Process

Biochem., vol. 39, no. 11, pp. 1803 – 1810, 2004.

[212] F. Markis, J.-C. Baudez, R. Parthasarathy, P. Slatter, and N. Eshtiaghi,

“Predicting the apparent viscosity and yield stress of mixtures of

primary, secondary and anaerobically digested sewage sludge: Simulating

anaerobic digesters,” Water Res., vol. 100, pp. 568 – 579, 2016.

[213] V. Lotito, L. Spinosa, G. Mininni, and R. Antonacci, “The rheology of sewage

sludge at different steps of treatment,” Water Sci Technol, vol. 36, no. 11,

pp. 79–85, 1997.



242 BIBLIOGRAPHY

[214] G. Moeller and L. G. Terres, “Rheological characterization of primary

and secondary sludges treated by both aerobic and anaerobic digestion,”

Bioresour. Technol., vol. 61, no. 3, pp. 207 – 211, 1997.

[215] alibaba, “alibaba.com,” tech. rep., 2020.

[216] Acros Organics, “fischersci.com,” tech. rep., Fisherscientific, 2020.

[217] indexmundi, “indexmundi.com,” tech. rep., 2020.

[218] W. Astuti, T. Hirajima, K. Sasaki, and N. Okibe, “Comparison of

effectiveness of citric acid and other acids in leaching of low-grade

indonesian saprolitic ores,” Minerals Engineering, vol. 85, pp. 1 – 16, 2016.

[219] C. Aharoni and M. Ungarish, “Kinetics of Activated Chemisorption. Part

1. - The Non-Elovichian Part of the Isotherm,” J. Chem. Soc. Faraday

Tranactions 1 Phys. Chem. Condens. Phases, vol. 72, pp. 400–408, 1976.

[220] F. C. Wu, R. L. Tseng, S. C. Huang, and R. S. Juang, “Characteristics

of pseudo-second-order kinetic model for liquid-phase adsorption: A mini-

review,” Chem. Eng. J., vol. 151, no. 1-3, pp. 1–9, 2009.
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246 APPENDIX A. RESIN SCREENING: SUPPLEMENTARY INFORMATION

A.1 Resin characteristics

This appendix contains the supplementary information accepted publication

by Water Research on 20/04/2019 alongside the paper Ion exchange removal

of Cu(II), Fe(II), Pb(II) and Zn(II) from acid extracted sewage sludge - Resin

screening in weak acid media. DOI:doi.org/10.1016/j.watres.2019.04.042

The manufacturer’s information for each of the resins tested is given in Table

A.1
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Table A.1: Physical and chemical characteristics of the resins tested throughout this study, as obtained from suppliers’ information data
sheets (PS = polystyrene, PA = polyacrylic, DVB = divinylbenzene). All are spherical beads.

Name TP214 MTS9100 MTS9570 MTS9301 MTS9501 C107E

Manufacturer Lanxess Purolite Purolite Purolite Purolite Purolite

Functionality Thiourea Amidoxime Phosphonic Iminodiacetic Amino Carboxylic
+ sulfonic acid acid phosphonic acid acid

Commercial Puromet Duolite n/a Chelex 100 Amberlite Dowex
equivalent MTS9140 ES346 Lewatit TP208 IRC747 MAC-3

Matrix PS-DVB PA-DVB PA-DVB PS-DVB PS-DVB PA-DVB

Size (µm) 550 330 550 425 425 300
-1200 -750 -1000 -800 -1600

Capacity 1.0 eq.L−1 40 g.L−1 18 g.L−1 50 g.L−1 24 g.L−1 3.6 eq.L−1

Cu2+ Fe3+ Cu2+ Ca2+

Water 43-48 52-60 55-70 52-60 55-65 53-58
retention (wt%)

Ionic form Freebase Freebase H+ Na+ Na+ H+

shipped

Cost > £30L−1 ≈ £10L−1 ≈ £10L−1
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A.2 Separation factors

Table A.2: TP214 separation factors of copper, iron, lead and zinc from acetate media at 20 °C after 24hr of contact time.

Cu Fe Pb Zn

pH Fe Pb Zn Cu Pb Zn Cu Fe Zn Cu Fe Pb

3.74 36.4 17.2 119 0.027 0.473 3.25 2.11 0.0580 6.88 0.307 0.00844 0.145

3.97 0.20 20.6 101 4.81 99.2 488 0.0101 0.0485 4.92 0.00205 0.00986 0.203

4.25 0.14 27.3 109 7.11 195 755 0.00514 0.0366 3.99 0.00129 0.00918 0.251

4.51 0.15 36.4 106 6.79 247 721 0.00404 0.0275 2.92 0.00139 0.00942 0.343

4.74 4.99 41.1 94.0 0.200 8.24 18.8 0.121 0.0243 2.29 0.0531 0.0106 0.437

4.91 7.99 50.3 105 0.125 6.30 13.1 0.159 0.0199 2.09 0.0761 0.00952 0.479

5.04 24.4 48.3 95.2 0.0409 1.98 3.89 0.506 0.0207 1.97 0.257 0.0105 0.508

5.22 45.9 57.1 96.1 0.0218 1.24 2.09 0.804 0.0175 1.68 0.478 0.0104 0.594

5.51 42.2 54.9 102 0.0237 1.30 2.42 0.769 0.0182 1.86 0.413 0.00978 0.537

5.73 171 50.2 103 0.00584 0.293 0.601 3.41 0.0199 2.05 1.66 0.00972 0.488
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Table A.3: MTS9100 separation factors of copper, iron, lead and zinc from acetate media at 20 °C after 24hr of contact time.

Cu Fe Pb Zn

pH Fe Pb Zn Cu Pb Zn Cu Fe Zn Cu Fe Pb

3.74 4.19 8.59 53.1 0.239 2.05 12.7 0.116 0.488 6.18 0.0188 0.0789 0.162

3.97 3.51 8.35 58.1 0.285 2.38 16.6 0.120 0.420 6.96 0.0172 0.0604 0.144

4.25 3.00 7.98 62.0 0.333 2.66 20.7 0.125 0.376 7.77 0.0.161 0.0484 0.129

4.51 2.90 8.24 59.6 0.345 2.84 20.6 0.121 0.352 7.23 0.0168 0.0486 0.138

4.74 1.95 8.16 48.4 0.513 4.19 24.9 0.122 0.239 5.93 0.0206 0.0402 0.169

4.91 1.18 7.56 42.0 0.845 6.39 35.5 0.132 0.157 5.55 0.0238 0.0282 0.180

5.04 1.02 7.28 38.9 0.983 7.16 38.2 0.137 0.140 5.34 0.0257 0.0262 0.187

5.22 0.773 8.01 40.8 1.29 10.4 52.7 0.125 0.0965 5.09 0.0245 0.0190 0.197

5.51 3.92 7.34 33.0 0.255 1.87 8.42 0.136 0.534 4.49 0.0303 0.119 0.222

5.73 6.59 7.25 28.1 0.152 1.10 4.26 0.138 0.910 3.88 0.356 0.235 0.258
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Table A.4: MTS9570 separation factors of copper, iron, lead and zinc from acetate media at 20 °C after 24hr of contact time.

Cu Fe Pb Zn

pH Fe Pb Zn Cu Pb Zn Cu Fe Zn Cu Fe Pb

2.84 0.0172 0.105 1.31 58.0 6.09 76.2 9.52 0.164 12.5 0.761 0.0131 0.0799

3.71 0.0186 0.152 0.562 53.7 8.19 30.2 6.56 0.122 3.69 1.78 0.0331 0.271

4.02 0.0163 0.151 0.368 61.5 9.27 22.7 6.63 0.108 2.44 2.72 0.0441 0.409

4.34 0.01614 0.124 0.232 62.0 7.67 14.4 8.07 0.130 1.87 4.31 0.0696 0.534

4.50 0.0143 0.106 0.190 70.1 7.46 13.3 9.40 0.134 1.78 5.26 0.0751 0.560

4.70 0.0118 0.101 0.151 85.1 8.56 12.8 9.94 0.117 1.50 6.63 0.0780 0.667

4.75 0.0144 0.0921 0.146 69.4 6.39 10.1 10.9 0.157 1.59 6.84 0.0986 0.630

4.99 0.0129 0.0850 0.118 77.9 6.61 9.14 11.8 0.151 1.38 8.50 0.109 0.723

5.22 0.0164 0.0778 0.0978 60.8 4.74 5.95 12.8 0.211 1.26 10.2 0.168 0.796

5.42 0.0178 0.0714 0.0922 56.3 4.02 5.19 14.0 0.249 1.29 10.8 0.193 0.774



A
.2.

S
E

PA
R

ATIO
N

FA
C

TO
R

S
251

Table A.5: MTS9301 separation factors of copper, iron, lead and zinc from acetate media at 20 °C after 24hr of contact time.

Cu Fe Pb Zn

pH Fe Pb Zn Cu Pb Zn Cu Fe Zn Cu Fe Pb

3.26 49.1 30.5 40.9 0.0204 0.623 0.834 0.0327 1.61 1.34 0.0244 1.20 0.746

3.62 15.7 27.3 18.7 0.0636 1.74 1.19 0.0366 0.575 0.685 0.0535 0.841 1.46

3.99 6.38 21.3 9.25 0.157 3.33 1.45 0.0470 0.300 0.435 0.108 0.689 2.30

4.30 4.82 19.3 7.40 0.208 4.01 1.54 0.0517 0.249 0.383 0.135 0.650 2.61

4.55 17.7 71.3 23.0 0.0565 4.03 1.30 0.0140 0.248 0.322 0.0436 0.771 3.11

4.70 2.87 10.1 2.95 0.349 3.51 1.03 0.0994 0.285 0.293 0.339 0.973 3.41

4.85 2.78 7.69 2.20 0.360 2.77 0.791 0.130 0.361 0.286 0.455 1.26 3.50

4.95 9.10 9.18 2.34 0.110 1.01 0.257 0.109 0.991 0.254 0.428 3.90 3.93

5.12 13.2 6.80 1.50 0.0760 0.516 0.114 0.147 1.94 0.221 0.667 8.79 4.53

5.32 4.69 7.78 3.34 0.213 1.66 0.713 0.129 0.602 0.429 0.299 1.40 2.33
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Table A.6: MTS9501 separation factors of copper, iron, lead and zinc from acetate media at 20 °C after 24hr of contact time.

Cu Fe Pb Zn

pH Fe Pb Zn Cu Pb Zn Cu Fe Zn Cu Fe Pb

3.67 0.0651 18.6 9.19 15.4 285 141 0.0538 0.00350 0.494 0.109 0.00709 2.02

4.03 0.0750 16.3 5.88 13.3 216.9 78.4 0.0615 0.00461 0.361 0.170 0.0128 2.77

4.32 0.124 13.4 4.50 8.06 108 36.3 0.0744 0.00923 0.335 0.222 0.0276 2.99

4.54 0.0969 13.3 3.89 10.3 137 40.2 0.0754 0.00730 0.293 0.257 0.0249 3.41

4.75 0.0374 12.1 3.57 26.8 323 95.6 0.0828 0.00309 0.296 0.280 0.0105 3.38

4.92 0.0359 11.8 3.26 27.9 329 90.9 0.0848 0.00304 0.276 0.307 0.0110 3.62

5.02 0.0296 12.5 3.31 33.8 423 112 0.0798 0.00236 0.264 0.302 0.00895 3.79

5.19 0.0163 10.9 2.97 61.5 673 183 0.0914 0.00149 0.271 0.337 0.00548 3.68

5.37 0.116 8.161 3.28 8.59 70.1 28.2 0.123 0.0143 0.402 0.305 0.0355 2.49

5.71 4.32 5.83 2.60 0.232 1.35 0.602 0.171 0.740 0.446 0.385 1.66 2.24
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Table A.7: C107E separation factors of copper, iron, lead and zinc from acetate media at 20 °C after 24hr of contact time.

Cu Fe Pb Zn

pH Fe Pb Zn Cu Pb Zn Cu Fe Zn Cu Fe Pb

3.74 0.00767 0.508 8.25 130 66.3 1080 1.97 0.0151 16.2 0.121 0.000929 0.0616

3.97 0.00776 0.632 8.11 129 81.5 1050 1.58 0.0123 12.8 0.123 0.000956 0.0779

4.25 0.0141 0.752 7.95 71.0 53.4 565 1.33 0.0187 10.6 0.126 0.00177 0.0946

4.51 0.748 0.815 7.72 1.34 1.09 10.3 1.23 0.0918 9.47 0.130 0.0969 0.106

4.74 2.07 1.13 8.29 0.482 0.544 4.00 0.887 1.84 7.35 0.121 0.250 0.136

4.91 8.06 1.27 7.19 0.124 0.158 0.892 0.787 6.34 5.65 0.139 1.12 0.177

5.04 18.1 1.60 8.46 0.0552 0.0886 0.467 0.623 11.3 5.27 0.118 2.14 0.190

5.22 24.9 1.95 8.06 0.0401 0.0782 0.324 0.513 12.8 4.14 0.124 3.09 0.242

5.51 70.0 3.34 8.48 0.0143 0.0477 0.121 0.299 21.0 2.54 0.118 8.25 0.394

5.73 138 5.11 10.5 0.00726 0.0371 0.0759 0.196 27.0 2.05 0.0956 13.2 0.489
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Table A.8: TP214 separation factors of copper, iron, lead and zinc from lactate media at 20 °C after 24hr of contact time.

Cu Fe Pb Zn

pH Fe Pb Zn Cu Pb Zn Cu Fe Zn Cu Fe Pb

2.98 6690 174 2740 0.000149 0.026 0.409 0.00576 38.5 15.8 0.000365 2.44 0.063

3.14 8830 235 2840 0.000113 0.0264 0.322 0.00428 37.8 12.2 0.000352 3.11 0.0822

3.37 4790 247 3530 0.000209 0.0515 0.737 0.00405 19.4 14.3 0.000283 1.36 0.0698

3.55 8180 319 3490 0.000122 0.0390 0.426 0.00313 25.6 10.9 0.000287 2.35 0.0915

3.83 454 375 3270 0.000220 0.083 0.721 0.00267 12.1 8.73 0.000306 1.39 0.115

4.00 6260 528 3960 0.000160 0.0843 0.633 0.00189 11.9 7.50 0.000252 1.58 0.133

4.24 3850 680 4750 0.000260 0.177 1.24 0.00147 5.66 6.99 0.000210 0.809 0.143

4.51 6350 896 5350 0.000157 0.141 0.842 0.00112 7.09 5.97 0.000187 1.19 0.167

4.740 5920 909 7320 0.000169 0.154 1.24 0.00110 6.51 8.06 0.000137 0.808 0.124

4.85 7710 1220 9370 0.000130 0.158 1.22 0.000823 6.35 7.71 0.000107 0.823 0.130
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Table A.9: MTS9100 separation factors of copper, iron, lead and zinc from lactate media at 20 °C after 24hr of contact time.

Cu Fe Pb Zn

pH Fe Pb Zn Cu Pb Zn Cu Fe Zn Cu Fe Pb

2.60 0.338 1.23 0.408 2.96 3.65 1.21 0.812 0.274 0.331 2.45 0.828 3.02

2.81 0.417 1.07 0.356 2.40 2.56 0.853 0.936 0.391 0.333 2.811 1.17 3.00

2.96 0.574 1.05 0.543 1.74 1.83 0.946 0.952 0.547 0.517 1.84 1.0574 1.93

3.12 0.713 0.920 0.451 1.40 1.29 0.633 1.09 0.776 0.491 2.22 1.58 2.04

3.43 0.660 0.834 0.551 1.52 1.26 0.836 1.20 0.791 0.661 1.82 1.20 1.51

3.67 0.875 0.510 0.520 1.14 0.583 0.594 1.96 1.72 1.02 1.92 1.68 0.981

3.85 1.28 0.660 0.987 0.780 0.515 0.770 1.51 1.94 1.50 1.01 1.30 0.670

4.10 1.20 0.489 0.878 0.835 0.408 0.733 2.05 2.45 1.80 1.14 1.36 0.556

4.28 2.19 0.406 1.68 0.456 0.185 0.764 2.46 5.40 4.13 0.596 1.31 0.242

4.39 1.85 0.472 2.28 0.540 0.255 1.23 2.12 3.92 4.83 0.438 0.811 0.207
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Table A.10: MTS9570 separation factors of copper, iron, lead and zinc from lactate media at 20 °C after 24hr of contact time.

Cu Fe Pb Zn

pH Fe Pb Zn Cu Pb Zn Cu Fe Zn Cu Fe Pb

2.53 0.000966 0.0578 0.291 1030 59.8 301 17.3 0.0167 5.03 3.44 0.00332 0.199

2.7 0.000743 0.0314 0.242 1350 42.2 325 31.9 0.0237 7.71 4.14 0.00307 0.13

3.06 0.00103 0.0227 0.182 969 22 176 44 0.0454 7.99 5.51 0.00568 0.125

3.35 0.00049 0.00626 0.0664 2040 12.8 136 160 0.0783 10.6 15.1 0.00738 0.0942

3.66 -0.00087 -0.00752 -0.0951 -1150 8.64 109 -133 0.116 12.7 -10.5 0.00915 0.079

3.81 0.000668 0.00476 0.0595 1500 7.12 89 210 0.14 12.5 16.8 0.0112 0.0799

4.01 0.00196 0.00395 0.145 511 2.02 74.3 253 0.496 36.8 6.87 0.0135 0.0271

4.19 0.00177 0.00713 0.109 565 4.03 61.8 140 0.248 15.3 9.14 0.0162 0.0652

4.35 -0.00146 -0.00483 -0.0754 -684 3.3 51.6 -207 0.303 15.6 -13.3 0.0194 0.064

4.51 0.00197 0.00557 0.0888 506 2.82 45 180 0.355 16 11.3 0.0222 0.0626
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Table A.11: MTS9301 separation factors of copper, iron, lead and zinc from lactate media at 20 °C after 24hr of contact time.

Cu Fe Pb Zn

pH Fe Pb Zn Cu Pb Zn Cu Fe Zn Cu Fe Pb

2.75 7.32 18 54.1 0.137 2.46 7.39 0.0554 0.406 3 0.0185 0.135 0.333

3.01 7.1 12.1 43.9 0.141 1.7 6.18 0.0828 0.588 3.64 0.0228 0.162 0.275

3.31 10 8.34 37.1 0.0997 0.832 3.7 0.12 1.2 4.45 0.0269 0.27 0.225

3.51 11.7 7.53 30.9 0.0852 0.642 2.63 0.133 1.56 4.1 0.0324 0.38 0.244

3.73 14.2 6.49 27.7 0.0704 0.457 1.95 0.154 2.19 4.27 0.0361 0.513 0.234

3.93 18.1 7.77 23 0.0551 0.428 1.27 0.129 2.34 2.96 0.0436 0.79 0.338

4.14 21.3 8.51 20.6 0.047 0.4 0.967 0.118 2.5 2.42 0.0486 1.03 0.414

4.29 21.3 11.7 16.3 0.0469 0.55 0.764 0.0852 1.82 1.39 0.0614 1.31 0.721

4.43 18.6 10.1 11.5 0.0537 0.545 0.62 0.0986 1.84 1.14 0.0866 1.61 0.879

4.52 21.2 10.9 11.2 0.0471 0.515 0.528 0.0914 1.94 1.02 0.0892 1.89 0.976
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Table A.12: MTS9501 separation factors of copper, iron, lead and zinc from lactate media at 20 °C after 24hr of contact time.

Cu Fe Pb Zn

pH Fe Pb Zn Cu Pb Zn Cu Fe Zn Cu Fe Pb

2.96 0.00103 0.279 0.623 970 270 604 3.59 0.0037 2.23 1.61 0.00166 0.448

3.2 0.00159 0.266 0.657 629 168 413 3.75 0.00597 2.47 1.52 0.00242 0.405

3.48 0.00171 0.262 0.678 584 153 396 3.81 0.00652 2.58 1.48 0.00253 0.387

3.72 0.002 0.251 0.764 499 125 381 3.98 0.00797 3.04 1.31 0.00262 0.329

3.97 0.00191 0.279 0.9 524 146 472 3.59 0.00685 3.23 1.11 0.00212 0.31

4.19 0.00212 0.287 0.94 471 135 443 3.48 0.00739 3.27 1.06 0.00226 0.306

4.37 0.0037 0.302 1.04 270 81.5 280 3.31 0.0123 3.44 0.965 0.00357 0.291

4.58 0.00509 0.331 1.11 197 65.1 218 3.02 0.0154 3.36 0.9 0.00458 0.298

4.77 0.00913 0.376 1.21 110 41.2 133 2.66 0.0243 3.22 0.826 0.00755 0.311

4.88 0.00879 0.422 1.32 114 48 150 2.37 0.0208 3.12 0.76 0.00668 0.321
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Table A.13: C107E separation factors of copper, iron, lead and zinc from lactate media at 20 °C after 24hr of contact time.

Cu Fe Pb Zn

pH Fe Pb Zn Cu Pb Zn Cu Fe Zn Cu Fe Pb

2.77 0.148 0.379 1.13 6.77 2.57 7.67 2.64 0.39 2.99 0.883 0.13 0.335

3.04 0.247 0.203 1.5 4.04 0.82 6.08 4.93 1.22 7.41 0.665 0.165 0.135

3.22 0.264 0.0927 0.525 3.79 0.351 1.99 10.8 2.85 5.66 1.91 0.503 0.177

3.53 0.551 0.0563 0.578 1.81 0.102 1.05 17.7 9.79 10.3 1.73 0.954 0.0975

3.75 -2.76 0.0288 0.578 -0.363 -0.0105 -0.21 34.7 -95.6 20.1 1.73 -4.77 0.0499

3.9 -0.302 -0.00591 -0.122 -3.31 0.0195 0.403 -169 51.2 20.6 -8.21 2.48 0.0485

4.12 1.81 0.0326 0.725 0.553 0.018 0.401 30.7 55.5 22.3 1.38 2.5 0.0449

4.26 19 0.0401 2.06 0.0527 0.00211 0.108 24.9 473 51.3 0.486 9.23 0.0195

4.46 12.4 0.0335 1.43 0.0804 0.00269 0.115 29.9 371 42.8 0.698 8.67 0.0234

4.61 2.28 0.0404 1.74 0.439 0.0178 0.765 24.7 56.3 43.1 0.574 1.31 0.0232
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Table A.14: TP214 separation factors of copper, iron, lead and zinc from citrate media at 20 °C after 24hr of contact time.

Cu Fe Pb Zn

pH Fe Pb Zn Cu Pb Zn Cu Fe Zn Cu Fe Pb

2.27 163 58.5 817 0.00612 0.358 5 0.0171 2.79 14 0.00122 0.2 0.0716

2.73 202 84.6 1050 0.00494 0.418 5.21 0.0118 2.39 12.5 0.000948 0.192 0.0802

3.39 584 183 1420 0.00171 0.313 2.43 0.00547 3.2 7.77 0.000705 0.412 0.129

3.89 786 377 2490 0.00127 0.48 3.17 0.00265 2.08 6.61 0.000401 0.315 0.151

4.51 477 321 854 0.0021 0.672 1.79 0.00312 1.49 2.66 0.00117 0.559 0.376

5.08 80.5 87.7 218 0.0124 1.09 2.7 0.0114 0.919 2.48 0.00459 0.37 0.403

5.69 39.2 52.6 57.8 0.0255 1.34 1.47 0.019 0.746 1.1 0.0173 0.679 0.91

6.23 34.8 50 50.6 0.0288 1.44 1.46 0.02 0.695 1.01 0.0198 0.687 0.988

6.93 23.9 33 31.1 0.0418 1.38 1.3 0.0303 0.725 0.942 0.0322 0.77 1.06

7.29 23.2 25.5 29 0.0432 1.1 1.25 0.0393 0.91 1.14 0.0345 0.799 0.878
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Table A.15: MTS9100 separation factors of copper, iron, lead and zinc from citrate media at 20 °C after 24hr of contact time.

Cu Fe Pb Zn

pH Fe Pb Zn Cu Pb Zn Cu Fe Zn Cu Fe Pb

2.11 0.18 2.28 2.29 5.55 12.7 12.7 0.0789 0.438 1 0.0786 0.436 0.995

2.77 1.35 2.26 2.9 0.742 1.67 2.15 0.597 0.443 1.29 0.464 0.345 0.777

3.34 6.01 1.57 1.81 0.166 0.261 0.301 3.84 0.638 1.15 3.32 0.553 0.867

3.96 22.9 0.814 1.12 0.0437 0.0356 0.0491 28.1 1.23 1.38 20.4 0.89 0.725

4.51 2.14 0.466 0.692 0.467 0.218 0.324 4.6 2.15 1.49 3.09 1.44 0.673

5.07 1.28 0.468 0.595 0.781 0.366 0.465 2.73 2.14 1.27 2.15 1.68 0.787

5.66 1.34 0.713 0.739 0.745 0.531 0.55 1.88 1.4 1.04 1.82 1.35 0.965

6.15 1 0.693 1.63 0.999 0.693 1.63 1.44 1.44 2.35 0.614 0.613 0.425

6.33 1.52 0.761 1.9 0.657 0.5 1.25 2 1.31 2.5 0.8 0.526 0.4

6.43 1.75 0.742 2.97 0.573 0.425 1.7 2.35 1.35 4 0.588 0.337 0.25
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Table A.16: MTS9570 separation factors of copper, iron, lead and zinc from citrate media at 20 °C after 24hr of contact time.

Cu Fe Pb Zn

pH Fe Pb Zn Cu Pb Zn Cu Fe Zn Cu Fe Pb

1.87 0.00123 0.173 0.384 815 141 313 5.78 0.00709 2.22 2.6 0.00319 0.45

2.59 0.00365 0.0595 0.206 274 16.3 56.3 16.8 0.0614 3.46 4.86 0.0177 0.289

3.23 0.00433 0.0259 0.121 231 6 27.9 38.5 0.167 4.65 8.29 0.0358 0.215

3.84 0.0118 0.0228 0.117 84.4 1.92 9.89 43.9 0.52 5.14 8.54 0.101 0.195

4.41 0.00238 0.0023 0.00997 420 0.964 4.18 435 1.04 4.34 100 0.239 0.23

4.98 0.0265 0.0143 0.0422 37.8 0.538 1.6 70.2 1.86 2.96 23.7 0.627 0.337

5.55 0.187 0.0627 0.138 5.36 0.336 0.741 15.9 2.98 2.21 7.22 1.35 0.453

5.98 0.151 0.0373 0.158 6.61 0.247 1.05 26.8 4.06 4.25 6.31 0.954 0.235

6.27 0.0398 0.00745 0.0315 25.1 0.187 0.792 134 5.35 4.23 31.7 1.26 0.236

6.38 0.404 0.0627 0.249 2.48 0.155 0.617 16 6.45 3.98 4.01 1.62 0.251
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Table A.17: MTS9301 separation factors of copper, iron, lead and zinc from citrate media at 20 °C after 24hr of contact time.

Cu Fe Pb Zn

pH Fe Pb Zn Cu Pb Zn Cu Fe Zn Cu Fe Pb

1.44 14.4 76.5 91 0.0694 5.31 6.32 0.0131 0.188 1.19 0.011 0.158 0.841

2.13 80.5 94.1 45.2 0.0124 1.17 0.561 0.0106 0.856 0.48 0.0221 1.78 2.08

2.76 270 21.9 22.5 0.00371 0.081 0.0835 0.0457 12.3 1.03 0.0444 12 0.971

3.38 451 25.7 15.7 0.00222 0.0569 0.0347 0.039 17.6 0.61 0.0639 28.8 1.64

3.94 542 37.4 12.1 0.00185 0.069 0.0224 0.0268 14.5 0.325 0.0823 44.6 3.08

4.51 627 48.1 10.1 0.0016 0.0768 0.0161 0.0208 13 0.209 0.0991 62.1 4.77

5.05 708 56.2 9.6 0.00141 0.0794 0.0136 0.0178 12.6 0.171 0.104 73.7 5.85

5.53 672 42.7 6.65 0.00149 0.0636 0.00989 0.0234 15.7 0.156 0.15 101 6.42

5.73 540 35.2 5.07 0.00185 0.0652 0.0094 0.0284 15.3 0.144 0.197 106 6.94

5.82 654 37.9 5.24 0.00153 0.0579 0.00801 0.0264 17.3 0.138 0.191 125 7.23
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Table A.18: MTS9501 separation factors of copper, iron, lead and zinc from citrate media at 20 °C after 24hr of contact time.

Cu Fe Pb Zn

pH Fe Pb Zn Cu Pb Zn Cu Fe Zn Cu Fe Pb

2.15 0.00292 0.501 0.433 343 172 148 2 0.00583 0.864 2.31 0.00674 1.16

2.76 0.0159 0.369 0.34 63 23.3 21.4 2.71 0.043 0.919 2.95 0.0468 1.09

3.38 0.000294 0.348 0.341 3410 1190 1160 2.87 0.000843 0.979 2.93 0.000861 1.02

3.97 0.00455 0.418 0.433 220 91.9 95.2 2.39 0.0109 1.04 2.31 0.0105 0.965

4.55 0.0124 0.687 0.814 80.7 55.4 65.6 1.46 0.0181 1.19 1.23 0.0152 0.844

5.12 0.0188 0.883 0.994 53.3 47.1 53 1.13 0.0212 1.13 1.01 0.0189 0.889

5.71 0.0267 1.1 1.27 37.5 41.2 47.7 0.909 0.0242 1.16 0.787 0.021 0.865

6.3 0.0521 1.09 1.52 19.2 20.9 29.2 0.917 0.0478 1.4 0.656 0.0342 0.715

6.54 0.0883 1.02 1.44 11.3 11.6 16.3 0.98 0.0866 1.41 0.696 0.0615 0.711

6.7 0.131 0.995 1.41 7.63 7.59 10.8 1 0.132 1.42 0.709 0.0929 0.705
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Table A.19: C107E separation factors of copper, iron, lead and zinc from citrate media at 20 °C after 24hr of contact time.

Cu Fe Pb Zn

pH Fe Pb Zn Cu Pb Zn Cu Fe Zn Cu Fe Pb

2.21 0.25 0.494 2.55 4.01 1.98 10.2 0.505 2.03 5.17 0.0977 0.392 0.193

2.8 0.234 0.218 0.784 4.28 0.934 3.35 1.07 4.58 3.59 0.298 1.28 0.278

3.34 0.184 0.142 0.591 5.45 0.772 3.22 1.3 7.06 4.17 0.311 1.69 0.24

3.95 0.168 0.124 0.831 5.96 0.737 4.95 1.36 8.08 6.72 0.202 1.2 0.149

4.44 0.502 0.0176 0.319 1.99 0.0351 0.636 28.5 56.8 18.1 1.57 3.13 0.0552

5.02 -0.517 0.0853 0.611 -1.93 -0.165 -1.18 -6.07 11.7 7.17 -0.846 1.64 0.139

5.45 0.0663 -0.0179 -0.145 15.1 -0.27 -2.19 -3.7 -55.8 8.11 -0.456 -6.88 0.123

5.87 0.594 -0.0328 -1.8 1.68 -0.0552 -3.03 -18.1 -30.5 54.9 -0.33 -0.556 0.0182

5.99 -1.6 -0.0778 1.46 -0.626 0.0487 -0.916 20.5 -12.9 -18.8 -1.09 0.683 -0.0531

6.05 -1 0.0122 -0.471 -1 -0.0122 0.471 -82 81.9 -38.6 2.12 -2.12 -0.0259
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A.3 Solution-phase speciation

The speciation of metals and complexes within solution will be very pH

dependent due pH dependence of conjugate base concentration of the weak

acids. With a higher concentration of conjugate base leading to the potential

for more complexation and even dimerization of complexes, in order to explain

extraction trends observed, the speciation of metals in solution was modelled.

All speciation data used for the modelling is included within Tables A.20 - A.28.

As suggested by the difference in in proton concentration, each metal transitions

between free metal to metal-anion complex as the pH approaches the pKa of

the acids, due to the higher available concentration of conjugate base. Generally

speaking, the more bound moieties in the complex (mono-, bis-, tris-), the higher

the stability constant. The referencing of species in tables is [1] Brown and Ekberg

(2016), [2] Martell, et al. (2009), [3] Gorman and Clydesdale (1984) and [4] Field,

et al. (1974).

Table A.20: Stability constants for solid phase hydrolysis products of each metal
at 0.0 M ionic strength [1].

Metal Species logKsp Metal Species logKsp Metal Species logKsp

Copper(II) CuO 7.90 Iron(II) Fe3O4 12.02 Zinc ZnO 11
CuO 8.68 Iron(III) FeO(OH) 0.3 Zn(OH)2 12

Fe2O3 -0.1 Lead(II) PbO 12.6
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Table A.21: Stability constants for solution phase hydrolysis products of each
metal at 0.0 M ionic strength [1].

Metal Species logβ Metal Species logβ Metal Species logβ
Copper(II) CuOH+ -7.53 Iron(II) FeOH+ -9.32 Zinc ZnOH+ -9

Cu(OH)2 -16.22 Fe(OH)2 -20.6 Zn(OH)2 -17.8
Cu(OH)−3 -26.59 Fe(OH)3- -32.6 Zn(OH)3- -28.4
Cu2(OH)3+ -6.4 Iron(III) FeOH2+ -2.19 Zn(OH)42- -40.5
Cu2(OH)22+ -10.43 Fe(OH)2+ -5.7 Zn2OH3+ -8.7
Cu3(OH)42+ -21.10 Fe(OH)3 -12.4 Lead PbOH+ -7.46

Fe(OH)4- -22 Pb(OH)2 -16.9
Fe2(OH)24+ -2.91 Pb(OH)−3 -28
Fe3(OH)45+ -6.3 Pb3(OH)42+ -23.7

Pb4(OH)44+ -20.3
Pb6(OH)84+ -43.2

(a) (b)

(c) (d)

Figure A.1: Solution speciation of Cu2+ (a), Fe2+ and Fe3+ (b), Pb2+ (c) and
Zn2+ (d) in acetic acid, calculated by the HySS software [125] with stability
constants attained from the NIST database [126].
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Table A.22: Stability constants for copper acetate species at 0.1 M ionic strength
[2]. [L] = complexing acid, [M] = metal, [H] = proton, [OH] = hydroxide.

Ion Species logβ
Acetate− [HL] 4.56
Cu2+ [ML] 1.79

[ML2] 2.80
[ML3] 3.30

Table A.23: Stability constants for iron(II) acetate species at 3.0 M ionic strength
[2]. [L] = complexing acid, [M] = metal, [H] = proton, [OH] = hydroxide.

Ion Species logβ
Acetate− [HL] 4.78
Fe2+ [ML] 0.54

Table A.24: Stability constants for metal acetate species at 1.0 M ionic strength
[2]. [L] = complexing acid, [M] = metal, [H] = proton, [OH] = hydroxide.

Ion Species logβ Ion Species logβ
Acetate− [HL] 4.58 Pb2+ [ML] 2.05
Fe3+ [ML] 2.8 [ML2] 3.00

[ML2] 6.5 [ML3] 3.37
[M3(OH)2L6] 20 Zn2+ [ML] 0.87

[ML2] 1

Table A.25: Stability constants for metal lactate species at 1.0 M ionic strength
[2]. [L] = complexing acid, [M] = metal, [H] = proton, [OH] = hydroxide.

Ion Species logβ Ion Species logβ Ion Species logβ
Lactate− [HL] 3.59 Pb2+ [ML] 1.99 Zn2+ [ML] 1.86
Cu2+ [ML] 2.47 [ML2] 2.88 [ML2] 2.6

[ML2] 4.08 [ML3] 3.50 [ML3] 3.4
[ML3] 4.70
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(a) (b)

(c) (d)

Figure A.2: Solution speciation of Cu2+ (a), Fe2+ and Fe3+ (b), Pb2+ (c) and
Zn2+ (d) in lactic acid, calculated by the HySS software (Gans, et al., 2009) with
stability constants attained from the NIST database (Martell, et al., 2009), apart
from Fe2+ and Fe3+, that were gathered from Gorman and Clydesdale (1984).

Table A.26: Stability constants for metal lactate species at 0.1 M ionic strength
[2,3]. [L] = complexing acid, [M] = metal, [H] = proton, [OH] = hydroxide.

Ion Species logβ
Lactate− [HL] 3.67
Fe2+ [ML] -1.30
Fe3+ [ML] 2.38
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(a) (b)

(c) (d)

Figure A.3: Solution speciation of Cu2+ (a), Fe2+ and Fe3+ (b), Pb2+ (c) and
Zn2+ (d) in citric acid, calculated by the HySS software (Gans, et al., 2009) with
stability constants attained from the NIST database (Martell,et al., 2009), apart
from Cu2+, Fe2+ and Fe3+, that were gathered from Field, et al.(1974).

Table A.27: Stability constants for metal citrate species at 0.1 M [2,4]. [L] =
complexing acid, [M] = metal, [H] = proton, [OH] = hydroxide.

Ion Species logβ Ion Species logβ Ion Species logβ
Citrate− [HL] 5.64 Fe2+ [MHL] 8.62 Zn2+ [ML] 4.93

[HL2] 9.99 [ML] 4.80 [ML2] 6.8
[HL3] 12.89 [MHL2] 11.81 [MHL] 12.91

Cu2+ [MHL] 9.31 Fe3+ [MHL] 12.38 [MH2L] 11.19
[M2L2] 14.72 [ML] 11.21 [M2(OHL)2] -2.85
[MOHL] 1.61 [M2OHL2] 8.60
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Table A.28: Stability constants for lead citrate species at 1.0 M ionic strength
[2]. [L] = complexing acid, [M] = metal, [H] = proton, [OH] = hydroxide.

Ion Species logβ
Citrate− [HL] 5.13

[HL2] 9.19
[HL3] 11.98

Pb2+ [ML] 4.44
[ML2] 5.92
[MHL] 8.11
[MH2L] 10.89
[MHL2] 10.61
[M2L2] 10.70

[M2OHL2] 2.76
[M2(OH)2L2] -3.79

Table A.29: Phreeqc model output for the metal oxidation states within each
carboxylic acid solution.

Acetic acid (0.5M) Lactic acid (0.5M) Citric acid (0.5M)
pH 3.76 4.5 5.76 2.86 3.86 4.86 2.10 4.25 6.4
Ca2+ 2.49 2.49 2.49 2.49 2.49 2.49 2.49 2.49 2.49
Cu+ 0.27 0.35 0.35 0.01 0.14 0.07 0.07 1.6E-6 1.1E-5
Cu2+ 1.24 1.12 1.12 1.57 1.43 1.49 1.50 1.54 1.53
Fe2+ 1.52 1.43 1.44 1.78 1.50 1.63 1.64 1.75 1.74
Fe3+ 0.27 0.35 0.34 0.01 0.29 0.15 0.15 1.6E-6 1.1E-5
Pb2+ 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48
Zn2+ 1.53 1.53 1.53 1.53 1.53 1.53 1.53 1.53 1.53
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Resin Characteristics

This appendix contains the supplementary information accepted publication by

Chemical Engineering Journal on 21/03/2020 alongside the paper Single Metal

Isotherm Study of the Ion Exchange Removal of Cu(II), Fe(II), Pb(II) and Zn(II)

from Synthetic Acetic Acid Leachate. DOI: 10.1016/j.cej.2020.124862

Table B.1: Physical and chemical characteristics of the resins tested throughout
this study, as obtained from suppliers information data sheets (PS = polystyrene,
PA = polyacrylic, DVB = divinylbenzene). All are spherical beads.

Name TP214 MTS9301 C107E

Manufacturer Lanxess Purolite Purolite

Functionality Thiourea Iminodiacetic acid Carboxylic acid

Commercial Puromet Lanxess Dowex

equivalent MTS9140 Chelex 100 MAC -3

Matrix PS-DVB PS-DVB PA-DVB

Size (µm) 550 800-1300 300-1600

Capacity 1.0 eq.L−1 1.57 eq.L−1 3.6 eq.L−1

Water retention (wt%) 43-48 52-60 53-58

Specific gravity (g.mL−1) 1.1 1.18 1.17

Ionic form shipped Freebase Na+ H+

Modelling of the Metal Speciation

Figure B.1 displays the solution phase Phreeqc modelling of copper (Figure

B.1a), iron(II) (Figure B.1b), lead (Figure B.1c) and zinc (Figure B.1d) single

metal solutions. Each solution was modelled with 0.5M NaCl and acetic acid at

pH 4.5. Models were conducted at concentrations between 100 ppm to 3000 ppm

in order to mimic the solution conditions of each isotherm experiment. In each

case, ionic forms are labelled within the legend, however complex formation is

not predicted, therefore the remainder of metal ions from the total is assumed

to be bound within complexes, as predicted by HySS modelling within previous

work [119]. Solution phase copper(II) and iron(II) remain within the 2+ oxidation
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(a) (b)

(c) (d)

Figure B.1: Phreeqc modelling of each metal in solution at concentration ranges
of 100 ppm to 3000 ppm (single metal solutions) generated in Aqion [139]; 0.5M
NaCl; 0.5M acetic acid; pH 4.5.

Figure B.2: Predominance diagram created using the HYDRA [104] and
Medusa [149] software, modelled at 25◦C.
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states throughout all of these single metal experiments. All metals maintain a

high proportion of the relative abundance in acetate complexes, with the largest

non-complexed metal being iron(II) with ∼30% of its speciation being in the Fe2+

species. Figure B.2 contains a predominance diagram of iron within a system

containing 0.5 M acetate, this shows that towards pH 4.5, the precipitation of

Fe2O3 becomes more likely with an increase in ORP beyond ∼250mV. While

this shows a high likelihood of Fe2O3 precipitation, as there was no ORP control,

there was no observable precipitation, therefore it is assumed that majority of iron

remained in solution and within the 2+ oxidation state.

(a) (b)

(c) (d)

Figure B.3: Speciation modelling of each metal in solution at concentration
ranges of 100 ppm to 3000 ppm (single metal solutions) using the HySS
software [228]; 0.5M acetic acid; pH 4.5.

Figure B.3 displays the modelled speciation of each metal across the

concentration range studied within this paper. Overall, the change in relative

concentration of each species of metals changes fairly insignificantly. Copper

complexes CuAc+ and CuAc−3 display the largest amount of deviation with
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concentration, from ∼30% and ∼20%, respectively at the lowest concentrations

to both reaching ∼25% towards the higher molar concentrations.

Supplementary Extraction Data

(a) (b)

(c) (d)

Figure B.4: Extraction % as a function of initial concentration in mol L−1 for
copper (a), iron (b), lead (c) and zinc (d) by C107E (initial concentrations 25 ppm
to 3000 ppm; temperature 20 ◦C; 0.5M NaCl; 0.5M acetic acid; 2ml wet settled
resin; 50ml solution).

Figure B.4 displays the percentage extraction of copper (a), iron (b), lead (c)

and zinc (d). Both lead and copper maintain high extraction % throughout the

entire concentration range, with saturation of copper being potentially displayed

beyond 0.05mol L−1. Iron increases extraction % until an initial concentration of

0.01mol L−1 where it begins to decrease, and zinc maintains ∼50% extraction

beyond ∼0.005mol L−1.
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(a) (b)

(c) (d)

Figure B.5: Extraction % as a function of initial concentration in mol L−1 for
copper (a), iron (b), lead (c) and zinc (d) by MTS9301 (initial concentrations
25 ppm to 3000 ppm; temperature 20 ◦C; 0.5M NaCl; 0.5M acetic acid; 2ml wet
settled resin; 50ml solution).
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The extraction percentage of copper (a), iron (b), lead (c) and zinc (d) as a

function of initial concentration is displayed within Figure B.5. Initially, all metals

are extracted to high extent, with all metals achieving >85% extraction. Lead is

not abundant in concentrations high enough to saturate the resin, however copper

extraction, again, decreases beyond ∼0.05mol g−1, while iron began to decrease

to a lowest measured extraction of ∼55% from 0.015mol L−1 and zing began to

decrease to ∼75% from an initial concentration of ∼0.02mol L−1.

(a) (b)

(c) (d)

Figure B.6: Extraction % as a function of initial concentration in mol L−1 for
copper (a), iron (b), lead (c) and zinc (d) by TP214 (initial concentrations 25 ppm
to 3000 ppm; temperature 20 ◦C; 0.5M NaCl; 0.5M acetic acid; 2ml wet settled
resin; 50ml solution).

Of all three resins, TP214 displays the lowest extraction % for all metals, these

are displayed as a function of initial concentration in Figure B.6. Iron extraction

does not exceed 30% by TP214, while initially lead and zinc extraction is 75% and

50%, with these decreasing as initial concentration increases. Copper extraction
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is initially at 100%, however beyond 0.01mol L−1 initial concentration, this begins

to decrease, to 25% by ∼0.05mol L−1.

B.1 Comparison of Isotherm Parameters to IR,

solution phase complex ∆H and ∆S and

Electronegativity

Table B.2: Summary of the trends found by comparison of the isotherm data
of C107E, MTS9301 and TP214 and the ionic radius, average ∆H of complex
formation, average ∆S of complex formation and electronegativity.

Variable C107E MTS9301 TP214

IR ∆H ∆S EN IR ∆H ∆S EN IR ∆H ∆S EN

qm N N N Y Y N N N N N N N

aL N N N N N N N N N N N N

bF N N N Y N N N N N N N N

∆E N N N Y N N N N N N N N

Figure B.7: Comparison of the Langmuir determined MTS9301 Qmax as a
function of the ionic radius of each metal.
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Figure B.8: Comparison of the Langmuir determined C107E Qmax as a function
of the electronegativity of each metal.

Figure B.9: Comparison of the Freundlich determined C107E bF as a function
of the electronegativity of each metal.
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Figure B.10: Comparison of the D-R determined C107E free energy of
adsorption as a function of the electronegativity of each metal.
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Figures B.7-B.10 describe the relationships between the isotherm parameters

and physiochemical parameters that have observable trends, as stated in Table

B.2. No trend is seen with Qmax of aL for either resin, apart from with the MTS9301

Qmax, where there seems to be an almost exponential trend, increasing with

decreasing IR (fitting the exponential to an r2 of 0.994). C107E displays a trend

that follows an increase in electronegativity, decreasing binding intensity and free

energy of adsorption.
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Appendix C

Multi-metal System Supplementary

Data

C.1 Multi-metal Isotherm Extraction Percentages

Figures C.1 - C.3 display the isotherm data reanalysed to report the percentage

extraction per mole of metal dissolved in solution for C107E, MTS9301 and

TP214. Both lead and copper display increasing adsorption of metal to the resin

surface throughout the experiment, however the percentage of metal extracted

from solution decreases substantially as the moles of metal in the initial solution

increases from both copper and lead displaying 95% extraction, to 50 and 60%

extraction, respectively. Iron(II) displayed 98% until contact with ∼0.0945mmol

where it displays a steep decrease till 15% removal from solution towards the

largest volume of solution added. Zinc displays a similar decrease to iron(II),

however with an initial extraction of only 73% and a decrease to 17%.

MTS9301 displays 99% extraction of copper until 0.51mmol of copper are in

solution, dropping to 92% by the largest volume of solution added (Figure C.2). All

other metals display a reverse sigmoidal curve, plateauing at 99-100% extraction

before dropping sharply due to competition. Lead displays the first drop in

extraction at 0.089mmol of dissolved metal, dropping to a low of 11% extraction,

285
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(a) (b)

(c) (d)

Figure C.1: Extraction percentage of copper (a), iron (b), lead (c) and zinc (d)
by C107E as a function of total number of moles in contact with in acetic acid
media (initial concentration 200mmol L−1; temperature 21◦C; 0.5M NaCl; 0.5M
acetic acid; 2ml wet settled resin; 20-400ml solution).

zinc then follows at 0.24mmol, falling to 24% extraction and finally iron(II) drops at

0.28mmol, falling to 36% extraction.

Similarly to MTS9301, very high % extraction of copper is apparent throughout

the entire volume range studied in this experiment (Figure C.3). Neither iron(II),

lead nor zinc reach 100% extraction towards the lower volumes of solutions

added. The largest extraction was lead with 75%, then zinc at 48% and iron(II) at

26%, decreasing to 11, 15 and 9%, respectively.

C.2 Multi-metal Kinetic Extraction Percentages

Figures C.4 - C.6 display the kinetic data reanalysed to report the percentage

extraction as a function of time for C107E, MTS9301 and TP214. Similarly to the
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(a) (b)

(c) (d)

Figure C.2: Extraction percentage of copper (a), iron (b), lead (c) and zinc (d)
by MTS9301 as a function of total number of moles in contact with in acetic acid
media (initial concentration 200mmol L−1; temperature 21◦C; 0.5M NaCl; 0.5M
acetic acid; 2ml wet settled resin; 20-400ml solution).

mixed metal isotherms, both lead and copper display high levels of extraction,

reaching >80% by the end of the 24h contact with C107E (Figure C.4). Zinc and

iron(II) display far lower extractions with a maximum extraction of 41 and 25%,

respectively.

MTS9301 displays a high affinity to all metals within this study (Figure C.5).

Iron(II) is extracted to the highest %, in this case, with 98% extraction followed by

copper at 96%. Copper, iron(II) and zinc all reach >90% extraction, while lead

remains behind at 87%.

TP214 achieves 90% extraction for copper within the acetic acid medium

(Figure C.6). Second to copper is lead, which achieves 23% extraction at 80min

before decreasing to an extraction of 15%. Neither iron(II) nor zinc breached 10%
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(a) (b)

(c) (d)

Figure C.3: Extraction percentage of copper (a), iron (b), lead (c) and zinc (d)
by TP214 as a function of total number of moles in contact with in acetic acid
media (initial concentration 200mmol L−1; temperature 21◦C; 0.5M NaCl; 0.5M
acetic acid; 2ml wet settled resin; 20-400ml solution).

extraction.

C.3 Correlation with Physical/Chemical Paramters

Comparison of Multi-metal Isotherm Parameters to IR, solution

phase complex ∆H and ∆S and Electronegativity

Comparison of Kinetic Parameters to IR, solution phase

complex ∆H and ∆S and Electronegativity
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Figure C.4: Extraction percentage of copper, iron, lead and zinc by C107E as
a function of time (initial concentration 200ppm; temperature 21◦C; 0.5M NaCl;
0.5M acetic acid; 10ml wet settled resin; 500ml solution).

Figure C.5: Extraction percentage of copper, iron, lead and zinc by MTS9301 as
a function of time (initial concentration 200ppm; temperature 21◦C; 0.5M NaCl;
0.5M acetic acid; 10ml wet settled resin; 500ml solution).
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Figure C.6: Extraction percentage of copper, iron, lead and zinc by TP214 as
a function of time (initial concentration 200ppm; temperature 21◦C; 0.5M NaCl;
0.5M acetic acid; 10ml wet settled resin; 500ml solution).

(a) (b)

Figure C.7: Plot of the des constant derived from the desorption-modified
Langmuir isotherm model as a function of the IR of each metal for each resin.
Figures a and b are the des values for C107E and MTS9301, respectively.
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(a) (b)

Figure C.8: Plot of the des constant derived from the desorption-modified
Langmuir isotherm model as a function of the the average solution ∆H for each
metal-acetate species of each metal for each resin. Figures a and b are the des
values for C107E and MTS9301, respectively.

(a) (b)

Figure C.9: Plot of the des constant derived from the desorption-modified
Langmuir isotherm model as a function of the the average solution ∆S for each
metal-acetate species of each metal for each resin. Figures a and b are the des
values for C107E and MTS9301, respectively.

(a) (b)

Figure C.10: Plot of the des constant derived from the desorption-modified
Langmuir isotherm model as a function of the electronegativity of each metal
for each resin. Figures a and b are the des values for C107E and MTS9301,
respectively.
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(a) (b)

Figure C.11: Plot of the half-lives derived from the Lagergren Pseudo-First
Order kinetic model as a function of the IR of each metal for each resin. Figures
a and b are the half-life values for C107E and MTS9301, respectively.

(a) (b)

Figure C.12: Plot of the half-lives derived from the Lagergren Pseudo-First
Order kinetic model as a function of the average solution ∆H for each metal-
acetate species for each resin. Figures a and b are the half-life values for C107E
and MTS9301, respectively.

(a) (b)

Figure C.13: Plot of the half-lives derived from the Lagergren Pseudo-First
Order kinetic model as a function of the average solution ∆S for each metal-
acetate species for each resin. Figures a and b are the half-life values for C107E
and MTS9301, respectively.
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(a) (b)

Figure C.14: Plot of the half-lives derived from the Lagergren Pseudo-First
Order kinetic model as a function of the electronegativity of each metal for
each resin. Figures a and b are the half-life values for C107E and MTS9301,
respectively.

(a) (b)

(c) (d)

Figure C.15: Plot of the pseudo-second order half-life and initial rate of reaction
derived by the pseudo-second order kinetic model as a function of IR for each
metal and each resin. Figures a and b are the values of t 1

2
while c and d are the

values of h0 for C107E and MTS9301, respectively.
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(a) (b)

(c) (d)

Figure C.16: Plot of the pseudo-second order half-life and initial rate of reaction
derived by the pseudo-second order kinetic model as a function of the average
solution ∆H for each metal-acetate species and each resin. Figures a and b are
the values of t 1

2
while c and d are the values of h0 for C107E and MTS9301,

respectively.
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(a) (b)

(c) (d)

Figure C.17: Plot of the pseudo-second order half-life and initial rate of reaction
derived by the pseudo-second order kinetic model as a function of the average
solution ∆S for each metal-acetate species and each resin. Figures a and b are
the values of t 1

2
while c and d are the values of h0 for C107E and MTS9301,

respectively.
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(a) (b)

(c) (d)

Figure C.18: Plot of the pseudo-second order half-life and initial rate of
reaction derived by the pseudo-second order kinetic model as a function of the
electronegativity of each metal and each resin. Figures a and b are the values
of t 1

2
while c and d are the values of h0 for C107E and MTS9301, respectively.
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(a) (b)

(c) (d)

Figure C.19: Plot of the adsorption and desorption rate derived from the Elovich
model as a function of the ionic radius of each metal and each resin. Figures
a and b are the values of α while c and d are the values of β for C107E and
MTS9301, respectively.
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(a) (b)

(c) (d)

Figure C.20: Plot of the adsorption and desorption rate derived from the Elovich
model as a function of the average solution ∆H for each metal-acetate species
and each resin. Figures a and b are the values of α while c and d are the values
of β for C107E and MTS9301, respectively.
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(a) (b)

(c) (d)

Figure C.21: Plot of the adsorption and desorption rate derived from the Elovich
model as a function of the average solution ∆S for each metal-acetate species
and each resin. Figures a and b are the values of α while c and d are the values
of β for C107E and MTS9301, respectively.



300 APPENDIX C. MULTI-METAL SYSTEM SUPPLEMENTARY DATA

(a) (b)

(c) (d)

Figure C.22: Plot of the adsorption and desorption rate derived from the Elovich
model as a function of the electronegativity of each metal and each resin.
Figures a and b are the values of α while c and d are the values of β for C107E
and MTS9301, respectively.



Appendix D

Simulated Process Supplementary

Data

D.1 Literary Properties of Sludge

Due to anaerobic digested sludge being one of the most common sludge [14],

and due to the large water consumption required to leach incinerated or

dewatered sludge, anaerobic sludge will be the targeted input to this process

and will be the sludge simulated. Table D.1 reports an average general chemical

make-up of digested sewage sludge [14]. Generally speaking digested sludge

contains a high concentration of organic matter with very little solids content..

301
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Table D.1: Characteristics of digested sludges [14]

Characteristic Range

Total dry solids % 6.0-12.0

Volatile solids % of TS 30-60

Grease and fats % of TS 5.0-20.0

Cellulose % of TS 8.0-15

Protein % of TS 15-20

Phosphorus % of TS 1.5-4.0

Nitrogen % of TS 1.6-6.0

Silica (SiO2) % of TS 10.0-20.0

The % of VOC within digested sludge can reach up to 60% of the total solids

content (Table D.1), while silica can be as high as 20%. Within this study, the

chemical characteristics of the simulant chosen will focus on the VOC, due to the

fact that the organic matter within sewage sludge has the potential for adsorption

of leached metallic ions [93]. This creates issues with preg-robbing and poor

sludge filterability [86]. While this describes chemical characteristics of sewage

sludge, the requirement of this simulant will be mostly physical. Particle size and

viscosity content will be the most important factors determining the applicability

of this simulant in question.

While moisture content will be an important physical parameter, it is one

parameter that is easily modified; the two physical parameters that this simulant

must mimic are particle size and viscosity. Particle size must be comparable

to that of digested sludge due to the operational considerations with regards

to separation of resin from sludge, especially considering sieving is the most

likely separation technique. Viscosity must be similar to that of digested sewage

sludge, first and foremost, because this will dictate how resin beads are capable of
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dispersing through the slurry. The second reason for the importance of viscosity

is the latter design of a process, as viscosity will be the single determinant of the

agitation method and the pumping method [229,230].

D.2 Anaerobically Digested Esholt Sludge

Figure D.1 displays a simplified schematic of the Esholt Wastewater Treatment

Plant, with the sample point of the digested sludge labelled. Figure D.2 is a

spreadsheet provided with the sludge, outlining an analysis of the composition of

the sludge.

Figure D.1: A simplified schematic of the Esholt Wastewater Treatment Plant
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The sample will be kept as the dry ground sample for at least 1 month.
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Units Result Amount per
fresh tonne

Amount applied at an equivalent
total Nitrogen application of

250 kg N/ha

Units

pH 1:6 [Fresh]                                  7.70                                 

Oven Dry Matter                 %               25.7  257.00 3828 kg DM                           

Total Nitrogen                  % w/w           6.53  16.78 250 kg N                            

Ammonium Nitrogen               mg/kg           8217   2.11 31.46 kg NH4-N                      

Nitrate Nitrogen                mg/kg           <10 < 0.01 kg NO3-N                      

Total Phosphorus (P)            % w/w           2.63  15.48 230.58 kg P2O5                        

Total Potassium (K)             % w/w           0.106   0.33 4.87 kg K2O                          

Total Magnesium (Mg)            % w/w           0.287   1.22 18.24 kg MgO                         

Total Sulphur (S)               % w/w           1.06   6.81 101.45 kg SO3                          

Total Copper (Cu)               mg/kg           225   0.06 0.86 kg Cu                           

Total Zinc (Zn)                 mg/kg           603   0.15 2.31 kg Zn                           

Total Sodium (Na)               % w/w           0.070   0.24 3.61 kg Na2O                        

Total Calcium (Ca)              mg/kg           24803   6.37 94.96 kg Ca                           

Equivalent field application rate _____   1.00 14.90 tonnes/ha

The above equivalent field application rate for total nitrogen of 250 kg/ha has been provided purely for guidance purposes only.
Organic manures should be used in accordance with the Defra Code of Good Agricultural Practice and where required within the specific
regulatory guidance for the spreading of that material to land. To get the most benefit from your organic manures it is recommended
that you follow the principles as set out in Defra’s Fertiliser Manual (RB209) or as directed by a FACTS qualified adviser.

Figure D.2: Analysis of the Esholtsludge
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D.3 Simulant Sludge Rheology

Sewage sludges are reported to behave as non-Newtonian fluids, described by

either the Bingham Plastic Model [211,213], Otswald (or Power-Law) Model [209,213,214]

or the Herschel-Bulkley Model [206]. Although the rheology of sludge differs

markedly between sources it commonly fits the characteristics of a shear

thinning fluid [206] (shear stress decreases with increasing shear rate) and the

sludge becomes more Newtonian in nature as water content increases/digestion

occurs [206,209,211–214].

Newtonian fluids follow a linear relationship between the shear stress, τ (Pa),

and the shear rate, γ (s−1), following the law:

τ = kγ (D.1)

where k is the viscosity of the given fluid (Pa.S), and the fluid behaves

perfectly Newtonian. As sludge drifts from this Newtonian fluid model (solids

content increases [213]), variations are required upon this Newtonian model in

order to describe their relationship between shear stress and rate. Plastic

fluids are such that display little to no flow with low shear rate, displaying more

Newtonian flow behaviour once the shear stress breaches a yield-stress. Non-

Newtonian plastic fluids, described by the Bingham Plastic model:

τ = τy + kγ (D.2)

incur a yield stress, τy (Pa), required to initiate flow, following a linear

relationship between shear stress and shear rate, otherwise. In this situation, k

is, once again, the viscosity (Pa.S), directly comparable to that of the Newtonian

model. Pseudo-plastic fluids, do not follow these linear trends, decreasing in

relative shear stress with shear rate.
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Table D.2: Bingham Plastic Model parameters.

τy (Pa) k (Pa.s) r2

5% Solids 0.005±0.005 0.009±0.003 0.943 - 0.958
10% Solids 0.0121±0.0005 0.0268±0.0001 0.841 - 0.936
20% Solids 0.039±0.002 0.122±0.006 0.891 - 0.936
Esholt Sludge 0.0065±0.0006 0.0074±0.0003 0.810 - 0.935

The constants obtained from the plastic model are included within Table D.2.

This model is a poor descriptor of the data. While comparison of this modelled

data will be tentative, it does show an increase in viscosity index with increased

solids content of the simulant. From 5% to 20% the viscosity index increases

from 0.009±0.003 through to 0.122±0.006 Pa.s. Following this increase is the

increase in yield stress, increasing from 0.005±0.005 to 0.039±0.002 Pa from

5-20%. The values obtained by the Esholt sludge are similar to that of the 5%

solids simulant sludge, with 0.0065±0.0006 Pa yield stress and 0.0074±0.0003

Pa.s viscosity constant, while being described to a lesser extent.

Sewage sludge is most commonly described as a pseudo-plastic fluid; pseudo-

plastic, or shear-thinning fluids are fluids which display a decrease in viscosity

with an increase in shear rate. There are two common pseudo-plastic models

used for the description of sewage sludge, these are the Otswald model and the

Herschel-Bulkley model. The Otswald model [213,214,231] can be described by:

τ = kγn (D.3)

Where k is the fluid flow consistency (Pa.Sn) and is dictated by n, which is

the flow-behaviour index [231]. With n>1 indicating a shear thickening fluid, n<1

indicating a shear thinning or pseudoplastic fluid, and as n approaches 1 the fluid

becomes more plastic or Newtonian.



D.3. SIMULANT SLUDGE RHEOLOGY 307

Table D.3: Power-Law Model parameters.

k (Pa.Sn) n r2

5% Solids 0.012±0.003 0.36±0.04 0.979 - 0.996
10% Solids 0.0409±0.0007 0.298±0.006 0.976 - 0.990
20% Solids 0.17±0.01 0.336±0.003 0.980 - 0.997
Esholt Sludge 0.0143±0.0007 0.19±0.01 0.961 - 0.981

Data obtained from fitting of the Pseudoplastic (Otswald/Power-law) viscosity

model are displayed in Table D.3. All sludges fit reasonably well to the power

law model, with the lowest r2 being observed by the Esholt sludge sample, with

0.961 being the lower value, however the highest of the three measurements was

0.981. The consistency index (k, Pa.sn) of the three simulants increases with

increasing solids, from 0.12±0.003 to 0.17±0.01 Pa.sn, with that of the digested

sludge being similar to the 5% solids simulant. The simulant rheological constant

throughout these experiments, does not significantly change, all of the values

returned are within error of each other, however, the Esholt sludge returned

values more than 25% lower for this rheological constant, being far more shear

thinning..

The Herschel-Bulkley [231] model can be described in a similar fashion to the

Otswald model, however it also incorporates a variable to describe the yield stress

of a fluid:

τ = τy + kγn (D.4)

where, again, k is the fluid flow consistency (Pa.Sn), also dependent on the

flow-behaviour index (n), however the yield stress τ is given, similarly to the

Bingham model.

The variables obtained by fitting of all sludges to the Herschel-Bulkley Model

are included in Table D.4. This model fits similarly to that of the power law, with
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Table D.4: Herschel-Bulkley Model parameters.

τy (Pa) k (Pa.Sn) n r2

5% water 0.0008±0.0005 0.011±0.004 0.43±0.02 0.987 - 0.996
10% water -0.001±0.006 0.042±0.006 0.29±0.08 0.980 - 0.990
20% water 0.00±0.02 0.17±0.03 0.33±0.07 0.983 - 0.998
Esholt Sludge 0.000±0.005 0.015±0.006 0.5±0.1 0.964 - 0.985

the maximum r2 of all fits being >0.98, and the lowest r2 being that of Esholt

sludge, with 0.964. With error inclusive, the yield stress in each case (including

the Esholt sludge) was negligible.. The consistency index of the simulant sludge,

again, increased with an increase in solids content. In this case the rheological

constant remained similar between 10 and 20% solids, while increasing at 5%

solids content, being comparable between the Esholt sludge and the 5% solids

content simulant.

D.4 Leaching Conditions

Table D.5: Measured parameters of the leach consisting of 3% H2O2.

Hour Temp (◦C) pH HNO3 added (g) ORP (mV)
0:00 23 1.03 4.224 585
0:27 21 1.03 0.2049 581
0:49 20 1.05 583
1:20 20 1.09 586
1:39 20 1.11 584
2:37 20 1.11 589
4:09 20 1.09 593
5:43 20 1.14 595
7:33 19 1.18 595
23:38 20 1.11 598
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Table D.6: Measured parameters of the leach consisting of 6% H2O2.

Hour Temp (◦C) pH HNO3 added (g) ORP (mV)
0:00 21 1.02 4.196 584
0:33 21 1.02 0.196 584
1:13 21 1.04 589
1:36 21 1.06 590
1:57 21 1.04 591
2:40 21 1.04 592
4:21 21 1.08 595
5:52 20 1.08 595
7:49 20 1.10 596
23:34 16 0.98 598

Table D.7: Measured parameters of the leach consisting of 9% H2O2, also used
for system 1.

Hour Temp (◦C) pH HNO3 added (g) 1M NaOH (g) ORP (mV)
0:00 23 1.03 6.038 601
0:28 22 1.05 589
0:50 22 1.06 591
1:45 21 1.10 595
2:45 21 1.03 597
4:23 20 1.06 600
5:37 20 1.06 603
7:51 21 1.03 604
23:57 22 0.97 605
24:20 22 4.50 48.031 399
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Table D.8: Measured parameters of the leach consisting of 3% H2O2 increased
after ∼4h to 9%.

Hour Temp (◦C) pH HNO3 added (g) ORP 3% (mV) ORP 9% (mV)
0:00 23 0.98 8.25 586
0:30 21 0.98 0.124 579
0:55 20 1.02 584
1:47 20 1.04 588
2:46 20 1.04 0.092 590
3:52 20 0.93 588 600
4:30 20 0.96 602
5:00 20 0.84 604
5:39 19 0.82 602
6:53 20 0.80 601
7:58 21 0.80 599
8:51 20 0.96 600
10:02 20 0.82 605
24:27 20 0.91 607

Table D.9: Measured parameters of the leach consisting of 9% H2O2, also used
for system 2.

Hour Temp (◦C) pH HNO3 added (g) 1M NaOH (g) ORP (mV)
0:00 19 1.01 6.038 608
0:26 19 1.01 597
0:55 20 1.01 595
2:03 20 1.05 593
2:51 20 0.93 599
4:20 20 0.90 595
6:04 20 0.90 593
7:59 20 0.88 592
23:50 20 0.99 594
24:11 20 4.50 50.641 403
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Data

E.1 Citrate Concentration Dependence Data

Figure E.1 displays the citrate concentration dependence of uptake for each

metal, recalculated as a percentage extraction. Copper maintains close to 100%

extraction throughout the entire range of citrate concentrations within this study.

Iron increases from <10% to close to 100% by 0.01mol L−1. Both lead and zinc

increase to close to 100% extraction by 0.05mol L−1 (lead displays a much more

pronounced increase, from ∼50%), while both metals decrease to ∼80% once

the citrate concentration decreases to 0.01mol L−1.

The percentage abundance of each species from citrate concentrations of

0.0005 to 0.55mol L−1, relative to the total available concentration of that species,

is displayed for each citrate, copper, iron(II), lead and zinc within Figure E.2.

Due to the small amount of citrate available for complexation, prior to 0.1mol L−1

citrate there is an equilibrium shift, causing solution phase speciation to change.

Copper maintains a CuOHCit2− with citrate from 0.005mol L−1. Iron(II) forms

100% FeCit− with a concentration of citrate ∼0.01mol L−1 before transitioning to

FeHCit3−2 , forming ∼50% of each species at 0.1mol L−1 citrate. Lead forms a

311
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Figure E.1: Citrate acid concentration dependent extraction percentage of
copper (a), iron(II) (b), lead (c) and zinc (d) by MTS9301 (initial concentration
200ppm; temperature 21◦C; 0.5mol L−1 NaCl; 0.01-0.5mol L−1 citric acid; 2ml
wet settled resin; 50ml solution; 24h).

majority PbCit− by 0.01mol L−1, before forming PbCit4−2 by 0.1mol L−1 citrate, also

forming ∼50% of each species at 0.1mol L−1 citrate. Zinc forms 100% ZnCit− at

0.01mol L−1 citrate, and transitions to ZnCit4−2 by 0.1mol L−1.

The post-contact pH of each of the citric acid concentration dependence

experiments is displays in Figure E.3. This data shows a distinct decrease in

post-contact pH with a decrease in citric acid concentration. This corresponds to

an increase in total percentage of metals extracted (Figure E.1).

The pH dependence of citrate species for copper, iron(II), lead and zinc

calculated at 0.1mol L−1, are displayed in E.4. Between pH 2.5 and 3.5, copper is

predicted to be a majority of CuHCit, transitioning first to a copper-citrate dimer

at pH 4, then COHCit3− from pH 4.5. Iron(II) becomes majority FeHCit from pH

∼3 till pH 4, where it is FeCit− before becoming FeHCit−32 from pH 4.5, then

FeCit− from pH 6. The speciation of lead is more complicated than iron(II) and
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copper, with multiple species occurring in tandem with the PbCit species that

occur from pH 4. Zinc displays the only calculated speciation with a singular

dominant species throughout the entire pH range, ZnHCit.

E.2 Extraction Percentages in Isotherm Data

Figure E.5 displays the dependence of extraction percentage on total metallic

concentration within a multi-metal isotherm. Copper maintains the highest

extraction percentage, with >90% until ∼0.6mmol present within solution. Lead

and zinc behave similarly, with both initially displaying ∼ 100% extraction, before

plummeting, lead decreasing earlier than zinc but less pronounced. Lead reaches

∼ 25% extraction at ∼0.5mmol, which is similar to zinc. Iron(II) displays the

poorest performance, with an initial extraction of >80%, that rapidly decreases

to a negligible amount by 0.4mmol.

E.3 Extraction Percentages in Kinetic Data

Figure E.6 displays the kinetic data displayed in Figure 7.3 reanalysed to

display extraction percentages as a function of time. Copper reaches 99% by

700min, while both lead and zinc reach 90% by 1500min (and maintain this

extraction beyond). Iron(II) reaches a maximum extraction of 29% at 300min

before desorption occurs, and the extraction decreases to 14% by 3000min.
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(a)

(b) (c)

(d) (e)

Figure E.2: Speciation of citrate, copper, iron(II), lead and zinc as a function of
citric acid concentration, relative to total concentration of each species (Modelled
at pH 5.75 by HySS software suite, using stability constants provided within
Bezzina et al. (2019) [119].
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Figure E.3: Citrate acid concentration dependence of the post-contact pH
for each mixed metal experiment performed (initial concentration 200ppm;
temperature 21◦C; 0.5mol L−1 NaCl; 0.01-0.5mol L−1 citric acid; 2ml wet settled
resin; 50ml solution; 24h).
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(a) (b)

(c) (d)

Figure E.4: Speciation of citrate, copper, iron(II), lead and zinc as a function of
citric acid concentration, relative to total concentration of each species (Modelled
at pH 5.75 by HySS software suite, using stability constants provided within
Bezzina et al. (2019) [119].
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(a) (b)

(c) (d)

Figure E.5: Concentration dependent extraction percentage of copper (a), iron
(b), lead (c) and zinc (d) by MTS9301 in citric acid media as a function of total
mmol L−1 in initial solution (initial concentration 200mmol L−1; temperature 21◦C;
0.5mol L−1 NaCl; 0.1mol L−1 citric acid; 2ml wet settled resin; 25-400ml solution;
24h).
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Figure E.6: Time dependent extraction percentage of copper (a), iron(II) (b),
lead (c) and zinc (d) by MTS9301 in citric acid media (initial concentration
200ppm; temperature 21◦C; 0.5mol L−1 NaCl; 0.1mol L−1 citric acid; 10ml wet
settled resin; 500ml solution).
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