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Executive summary 

The “Alum Sludge Reuse Investigation” project was undertaken by GHD and Monash University 

for the Victorian Smart Water Fund, with funding partners ACTEW Water and Seqwater. This 

work examined the current fate of alum sludge produced by water treatment processes in 

Australia, and the feasibility of a wide range of approaches through which this sludge could be 

cost-effectively reused, recycled, or put to beneficial applications.  

There is unlikely to be a universally-applicable single best way to reuse sludge, with local 

factors heavily influencing any reuse option. An assessment approach was developed to 

rationally examine the different potential end uses for alum sludge, and to select an approach 

which could be studied as a bench-scale process within the project. This led to the selection of 

two processes capable of alum recovery for reuse; sulfuric acid digestion, and hydrothermal 

degradation in near-supercritical conditions. Alum sludge samples from multiple Australian 

utilities were examined for physical and chemical properties, and bench-scale alum recovery 

was performed using the two processes, so as to allow estimation of process efficiency and of 

the costs involved. These trialled technologies were then evaluated for large-scale applicability 

in the water industry. 

Acid digestion of sludge was evaluated as being potentially cost-effective, particularly where 

capex expenditure for new treatment plants could be reduced through cost avoidance, and 

where local restrictions or cost increases for sludge disposal were envisaged. Further 

examination of this process at a pilot-scale at an applicable plant could be performed, which 

could lead on to a more accurate and specific estimation of financial feasibility that incorporates 

local factors.  

The alum recovery process would comprise; 

 Acid digestion reactors and antifoam water spray systems 

 Sulphuric acid dosing system  

 Residuals thickener 

 Neutralisation tank and lime dosing system 

 Polishing filter and recovered Liquid alum storage  

 Hydrogen peroxide dosing system 

The Hydrothermal process is complex, experimental and may not increase alum recovery 

significantly beyond what can be accomplished by the acid extraction process. 

Several possibilities for future work were identified over the course of the project. These include 

the consideration of acid recovery for drier stockpiled sludges, field assessment of sludges 

using XRF spectroscopy, potential for mobile plant to access multiple remote stockpiles, 

increasing the reuse efficiency of recycled alum by defining optimal reuse conditions and other 

environmental applications for alum sludge for site specific applications. 
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Glossary of Terms 
 

Term Definition 

ACTEW Australian Capital Territory Electricity and Water 

CGC Centre for Green Chemistry 

CSCWG catalytic supercritical water gasification 

DOC dissolved organic carbon 

ICP-OES inductively coupled plasma optical emission spectrometry 

LOD loss on drying  

OHSE Occupational Health, Safety and Environment 

PAC polyaluminium chloride  

PACH polyaluminium chlorohydrate 

RO reverse osmosis 

rpm rotations per minute 

SCWO supercritical water oxidation  

SEQ South Eastern Queensland 

SGW South Gippsland Water 

SDD- Si-drift detector  

TCD thermal conductivity detection 

The Fund The Victorian Smart Water Fund 

VCSCM Victorian Centre for Sustainable Chemical Manufacturing 

XRF X-ray fluorescence 
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1. Introduction 

Alum has been used for the treatment of water for millennia to flocculate negative colloidal 

particles, organic substances, other contaminants and a variety of ions. Existing practices for 

the subsequent handling of this sludge regard it as a waste product rather than a potential 

resource. However, the disposal or efficient re-utilisation of the derived alum sludge has, until 

recently, not been considered to be a major imperative. Disposal of sludge is routinely 

performed either to landfill, or via sewer to a municipal wastewater treatment plant; with some 

small-scale options also used in various cases. With the increasing cost of disposal, the 

declining availability of landfill and the need for ‘greener’, more sustainable and much more 

efficient reuse options to be implemented, new technological solutions are required.  

There is an existing body of literature describing efforts to reuse and recycle drinking water 

sludge. A substantive review of this literature (Babatunde and Zhao, 2007) identified four broad 

categories of uses of water treatment sludge; including incorporation into wastewater treatment 

processes, into building and construction materials, land based applications, and into other 

diverse applications. In many cases, potential reuse and recycling options in the technical 

literature are not assessed for their economic feasibility. 

Recent technological developments may also be applicable to water treatment of sludge waste 

in Victoria. One potentially applicable approach is the processing of sludge to recover coagulant 

for reuse. A known example of this is the AquaCritox® process, where sludge is oxidised under 

high temperature and pressure to produce aluminium hydroxide, carbon dioxide and water 

(SCFI, 2013); which has been undergoing commercialisation over the last five years. However, 

the environmental sustainability and cost-effectiveness of this technology has not yet been 

evaluated.  

This challenge is compounded by the fact that the chemical characteristics and texture of the 

alum sludge are known to have a significant impact on the recovery efficiency of a re-generated 

alum for subsequent re-use as a flocculant by traditional techniques, such as acidification 

processes based on e.g. the historical sulfuric acid treatment method, which dates back over 

100 years [Jewell, W. M. US Patent 718,465 (1903)]. Moreover, with the advancement of 

sophisticated and sensitive analytical techniques, it is now evident that the release of a variety 

of metal ions, including toxic metal ions such as arsenic or mercury, and other components 

during sludge processing by sulfuric acid procedures can limit the recovery of the regenerated 

aluminium sulfate, and impair its use as a recovered coagulant. Little attention has yet been 

given to utilise the recently discovered methods of process intensification, design of experiment 

tools and other procedures that have been derived from the deployment of green chemistry 

principles. 

Within Australia, the requirement for more efficient re-use options are becoming even more 

pressing in view of the potential impacts of climate change, where increased surface water 

turbidity and organic material will lead to ever-increasing volumes of alum sludge being 

produced.  

Sludge disposal requirements have led to the production of sludge management plans in some 

drinking water managers overseas. One available example (Donegal County Council, 2006) 

describes current sludge generation details, available treatment technologies, existing handling 

and disposal practices, and an assessment of available options. While not directly applicable to 

Victorian water businesses, such information is available, and can be used for comparative and 

guidance purposes in examining what options are available to the local industry. 
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1.1 Purpose of this report 

This report has been compiled for the purpose of summarising the tasks undertaken as part of 

the Smart Water Fund open-stream research program 10OS-42 Alum Sludge Reuse 

Investigation. This report is the main project output. The chapters in this document were 

produced through successive project Milestones, and hence reflect the sequence of work 

undertaken.  

The project outputs are envisaged as being of direct benefit to the participating utilities through 

financial and environmental analysis of the alum sludge handling options available to them. It is 

also intended that the project outputs provide benefits to the wider Victorian water industry 

through the examination of alum sludge options that may be applicable in various situations. 

Defining the value of benefit is a key part of the project. These relate to the defined goals of the 

Fund as follows: 

Relation to urban water management: Drinking water treatment is a core capability of urban 

water management. The examination of a large scale waste material produced from treatment is 

relevant for any utility using alum treatment. 

Quantifiable return on investment: A key element of this work is the comparison of available 

options on financial and environmental criteria for specific participating Victorian and other water 

utilities. This will allow quantification of revenue increases, cost reductions and environmental 

impacts as part of that comparison. 

Innovation: This project seeks to examine existing technology which has not been 

demonstrated in an Australian or Victorian context. It may also result in new ways of solving a 

problem due to technology and solution transfer from a non-water sector. 

Wider applicability beyond needs of applicant: The outputs of the project are demonstrably 

relevant to utilities other than those directly involved. Communication of project outputs through 

The Fund's Knowledge Hub, and via other industry forums in Australia, is regarded as important 

outcomes for the applicants. 

Resource recovery: This is a defined priority of The Fund, able to leverage the existing 

infrastructure of a water business for resource recovery from waste materials. 

 

1.2 Scope and limitations 

This report has been prepared by GHD and Monash University, for Smart Water Fund, ACTEW 

Water and Seqwater (The Project Partners) and may only be used and relied on by these 

parties for the purpose agreed between the Project Partners as set out in section 1.1 of this 

report. 

GHD otherwise disclaims responsibility to any person other than Smart Water Fund, ACTEW 

Water and Seqwater arising in connection with this report. GHD also excludes implied 

warranties and conditions, to the extent legally permissible. 

The services undertaken by GHD in connection with preparing this report were limited to those 

specifically detailed in the report and are subject to the scope limitations set out in the report.  

The opinions, conclusions and any recommendations in this report are based on conditions 

encountered and information reviewed at the date of preparation of the report.  GHD has no 

responsibility or obligation to update this report to account for events or changes occurring 

subsequent to the date that the report was prepared. 



 

GHD | Report for Smart Water Fund - 10OS-42 Alum Sludge Reuse Investigation, 23/14907 | 3 

The opinions, conclusions and any recommendations in this report are based on assumptions 

made by GHD described in this report.  GHD disclaims liability arising from any of the 

assumptions being incorrect. 
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2. Description of the current situation 

with alum sludge 

2.1 Alum production 

Alum is widely used for water clarification due mainly to its relative cheap cost of supply, ease of 

use and general effectiveness. The term alum generally refers to aluminium sulfate (Al2(SO4)3), 

which is the cheapest and simplest aluminium based flocculant available. Alum can be made 

from various raw materials containing aluminium, including metal aluminium, bauxite and 

aluminium hydroxide (also referred to as alumina trihydrate, hydrated alumina Al(OH)3). The 

normal commercial batch process uses acid and heat to pull aluminium from aluminium 

hydroxide. The acid used in this process is usually sulfuric acid, for reasons of cost 

effectiveness. The aluminium content in the solution is determined using very precise specific 

gravity measurement, and the aluminium content of a batch is normally shown as Al2O3. Batch 

sizes in commercial manufacturing tend to be ~10 to 20 tonne. Although alum can be produced 

in powdered form, it is generally used in liquid form; the hydration is variable between sources, 

but most commonly around Al2(SO4)3.10H2O. to Al2(SO4)3.20H2O. The two main producers of 

alum on the east coast Australia are Orica and Omega Chemicals, although other suppliers 

include Nowra Chemicals in NSW and Hardman Chemicals in Western Australia.  

2.1.1 Alternative aluminium compounds 

There are numerous other aluminium compounds which are produced for improved 

performance or ease of use. These include polyaluminium chloride (PAC)
1
 or polyaluminium 

chlorohydrate (PACH). These alternate alum compounds are generally more expensive, mainly 

due to production using more expensive raw materials (metal aluminium and hydrochloric acid). 

However, these polymer compounds can be more effective for potable water clarification for 

particular source waters, notably in cold temperatures and low alkalinity raw water (ADWG 

2011). PACH is highly charged, and requires significantly less pH correction when applied to 

water than alum (ADWG 2011). PACH is also used in the paper making, deodorant and 

cosmetics industries (Omega Chemicals). 

2.1.2 Alum quality and impurities 

The purity of alum depends on the source of raw materials and the impurities are not predictable 

without knowledge of the sources. The impurities in bauxite are mostly predictable according to 

the geological origin. The supply chain of aluminium tends to be relatively stable, however the 

price is determined by global aluminium prices. The purity of acids can be less predictable, 

mainly due to the tendency to obtain materials through intermediaries, who stabilise the supply 

chain by sourcing materials from a multitude of global manufacturers. There is broad industrial 

demand for industrial acids, and strength of demand is highly variable. Supply of acids can also 

vary globally. Sulfuric acid is generally sourced as a by-product from various zinc and copper 

production processes, and the production levels of sulfuric acid is thus affected by demand and 

production levels for these metals. 

Alum produced from different raw materials results in different quality product. Alum production 

from bauxite tends to include more impurities, particularly iron, than that produced from 

aluminium hydroxide. The product specification provided by the chemical supplier generally 

contains the best available data on the quality of the alum, including the impurities present. 

                                                      
1
 The acronym PAC is also commonly used to refer to Powdered Activated Carbon, which is also widely used for 

potable water treatment. For this report PAC will only refer to polyaluminium chloride. 
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However these data may not necessarily reflect any specific batch of alum, but rather be 

generalised for a particular manufacturing process. 

Chapter 8 of the Australian Drinking Water Guidelines (ADWG) (NHMRC 2011), provide 

guidance for the use and quality control of drinking water treatment chemicals, including those 

used for coagulation and flocculation. Both alum and PACH have been assessed, and are listed 

as recommended for the treatment of drinking water. The assessment and management of risks 

associated with chemicals include those intrinsic to the chemical toxicology, dosage and 

treatment process, but also include the consideration of contaminants or impurities from 

manufacturing or handling.  

To understand the potential impurities present in the potable water treatment chemicals, it is 

common to require composition testing of each batch of alum. This is typically conducted by an 

independent analytical laboratory, and provided to the water business by the chemical supplier 

prior to use. The acceptance criteria for treatment chemicals are based on functional properties 

(i.e. aluminium content, clarity, pH, suspended solids) and specific impurity limits (i.e. heavy 

metal concentrations). The ADWG provides a recommended process for determination of 

maximum impurity concentration (NHMRC 2011). These follow a Recommended Maximum 

Impurity Concentration (RMIC) approach, which proposes that no contaminant should add more 

than 10% of that allowable by the ADWG health guideline value (NHMRC 2011). These include 

consideration of the concentration of impurity in the chemical, the drinking water health 

guideline in treated water, the expected dosage and chemical strength. 

These acceptance criteria set the quality standard for regenerated alum for potable water 

treatment use. Additionally, the chemical testing conducted by chemical manufacturers to meet 

water businesses acceptance criteria thus provides some information on the source of potential 

contaminants in alum sludge. 

2.1.3 Factors affecting cost 

Factors affecting the cost of raw materials used in the production of alum include the global 

price of aluminium, which is considered by a panel of economists to be most influenced by 

demand/business cycle, and less so by exchange rates, and supply/production constraints (C.E. 

2012). Since the global financial crisis (GFC), global metals markets have also seen a greater 

involvement of speculators and hedge funds (CRU Aluminium Monitor, 2013), and these may 

add complexity to the normal supply/demand fundamentals. Since the GFC, the price for 

aluminium has fluctuated from near US$3,000 per tonne down to $1,400 and back up to $2,000 

(Figure 1).  
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Figure 1 World aluminium price (London Metals Exchange) 

Sulfuric acid is among the highest volume industrial chemical used globally, and the vast 

majority is used for the production of agricultural industry, particularly the production of 

phosphate fertilisers and other agricultural chemicals. Other industrial uses include ore leaching, 

petroleum refining, pigment, plastic, paper and chemical manufacturing. Because sulfuric acid is 

used to create many common products, demand is a major factor affecting price. The price and 

availability of sulphur also affects the price and production of sulfuric acid. The production of 

some metals (eg. zinc and copper) and petroleum processes influence the availability of sulfuric 

acid, and thus the availability and price of sulfuric acid is affected by the production levels of 

these commodities. Although it is possible to manufacture sulfuric acid from raw sulphur, the 

price of mined sulphur is much greater than when sourced as a by-product from other 

industries. 
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Figure 2 Producer price index – (industry data) for Sulfuric Acid (US 

Department of Labour) (NB trying to source more recent data) 

Transportation costs affect both the cost to supply the raw materials and the distribution of the 

alum. The supply of aluminium in Australia is generally stable, and thus the supply chain and 

transportation costs are predictable. As sulfuric acid can be made anywhere in the world, the 

importation, shipping and handling of sulfuric acid can be a significant contributor to total supply 

cost. The cost of distribution of alum most affects end users located in remote regions. 

Fluctuation in fuel prices is normally accounted for through a variable fuel levy factor that 

accommodates for variation in fuel prices. 

2.2 Use of alum by water industry 

To evaluate issues affecting water business related to alum use, sludge production and sludge 

disposal, numerous water businesses were invited to provide some background data on their 

operations. Seven water authorities provided responses to specific questions, and four 

businesses had previously provided some general information in a preliminary survey 

conducted during the formulation of this research project. These data have been collated to 

enable some characterisation of issues with alum sludge. Data not considered commercially 

sensitive are presented in Appendix A. The purpose of this process is to evaluate similarities hat 

can be used to categorise and group various sludge sites. This categorisation will then 

contribute to the selection process for pairing the alternative sludge reuse technologies with any 

particular sludges for bench scale laboratory trials. As not all respondents provided equivalent 

data, some assumptions have been made using available information.  

Due to requests for data confidentiality from contributing water businesses, potentially 

commercially sensitive information provided to the project has not been included. Where 

relevant, data has been generalised across the Victorian Water Industry. Data from the ACT 

and Queensland project partners have not been included in these generalised figures.  

Alum is also used in a number of wastewater treatment processes for a number of different 

reasons, including coagulation and phosphorus removal. The production of alum sludge from 

these processes are not considered in this project, primarily  due to the significantly more 

complex composition of wastewater process by-products compared to those produced in 

potable water treatment processes. The estimates in this chapter do not include the alum usage 

or sludge produced from wastewater treatment. 
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2.2.1 Alum supply 

In Victoria, the two primary suppliers are Orica Chemicals and Omega Chemicals. In ACT, 

Nowra Chemicals is the primary supplier. Most water businesses use aluminium sulfate in a 

liquid form, and it is assumed that this is in the liquid or granular form produced from aluminium 

hydroxide (rather than B grade bauxitic production). PACH is also used at a number of sites, 

and this tends to be MegaPAC 10 or MegaPAC 23.  

No water businesses conduct independent testing of the supplied alum, though some indicated 

that they receive certification of quality from the supplier. These certificates provide information 

of the aluminium content, and include information on the impurities or batch specific details 

(HRL 2013; HRL 2013).  

2.2.2 Alum usage 

The quantity of alum used ranges two orders of magnitude between the various survey 

respondents. The greatest use of alum for a single water respondent is 18,000 tonnes per 

annum, with the next greatest using 3,600 tonne per annum. Excluding the largest and smallest 

values, the average usage per water business is approximately 1,700 tonnes per annum (n = 6).  

The cost of alum also varied, and it appears largely associated with site location and grade of 

alum (the details of these costs were commercially sensitive for some respondents). In general 

terms, the cost of alum ranged from $170 to $270 per tonne, with an average price of 

approximately $220 per tonne (n=6). 

Based on these average figures for usage and price, the typical cost of alum supply for a water 

business is $374,000 per annum. Assuming that the respondents are representative, we 

estimate the total cost of alum supply for the Victorian water industry at $5.2 Million per annum 

(based 14 water utilities, excluding three metropolitan water retailers).  

2.2.3 Water treatment and sludge producing process 

Alum and PACH act as coagulants by effecting charge neutralisation of negatively charged 

particles through two possible pH dependent reactions. The pH of water dosed with alum 

decreases, due to hydrolysis to form aluminium hydroxide floc and hydrogen ions. The decrease 

in pH from alum treatment is considerably greater than from alternate polyaluminium coagulants 

(PAC or PACH) due to the pre-hydrolysed form of these coagulants. Conventional coagulation 

occurs at pH 7.5 to 5.8, and colour and colloidal matter is removed by adsorption to aluminium 

hydroxides. This is primarily practiced for optimal turbidity control. As alum is effective in a small 

pH range, pH correction is often practiced, typically using hydrated lime, soda ash or caustic 

soda. 

Enhanced coagulation occurs at lower pH (<5.0), in which aluminium ions directly neutralise the 

negative charged colloidal and organic particles. The primary purpose of enhanced coagulation 

is removal of dissolved organic matter, including disinfection by-product precursors and harmful 

organic micropollutants (eg. pesticides, taste and odour compounds, algal toxins) (Freese 2001; 

Eikebrokk, Juhna et al. 2006). The implication of increased coagulant dosages required for this 

process is strict pH control and elevated sludge productions rates.  

The agglomerated particles can be filtered or, if the particles are particularly fine, the larger 

particles are forced to the surface and skimmed off (i.e. dissolved air flotation). To further assist 

in the coagulation of particles, some treatment processes utilise a flocculant (e.g. the non-ionic 

polymer LT20) after the coagulation process. After the coagulation/flocculation step, there is 

usually a clarification and/or filtration stage. The sludge that is collected from these processes is 

settled and thickened (in sludge thickeners or lagoons) and/or dewatered (using centrifuge, 
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drying beds, geobags). Based on the limited responses from the project survey, sludge is 

currently disposed of to sewer, landfills, stockpiled or applied to land.  

2.2.4 Source water and sludge quality 

The quality of the sludge is highly dependent on the source water quality, quality and purity of 

the alum and other treatment chemicals used, such as powdered activated carbon for taste and 

odour control, and polymer as a flocculation aid.  Depending on the nature of the source water 

catchment, season and weather conditions, the source water can have issues with any number 

water quality parameters such as colour, turbidity, alkalinity, natural organic material, nutrients, 

iron, manganese and algae. The surveyed water businesses have identified heavy rainfall, algal 

blooms and the fluctuation in water demand as some of the seasonal issues affecting sludge 

quality and quantity 

Typically, source water impacts on sludge can be categorised into four general groupings based 

on the major contaminants in the source water – low load, high nutrient load, high clay load and 

high organic/ algal load. It may be possible to predict which category a particular sludge may be 

in based on characteristics the source water catchment, including land use, geology, season 

and rainfall patterns. However there is not enough data available to test any assumptions on 

categorisation of sludges based on catchments characteristics. It may be possible to validate 

these categories with some additional chemical analyses and source water descriptions. 

As mentioned previously, the quality of alum used can also contribute to the quality of sludge. 

Based on analyses of composite samples of alum conducted by alum suppliers, the 

contaminants in alum are generally below detection limits (HRL 2013; HRL 2013). The presence 

of heavy metal contaminants originating from the manufacturing process should be less than the 

required acceptance criteria set for each treatment process. These analyses are specific to only 

a single batch of chemical. Based on the origins of the raw material for manufacturing alum 

products, the likely impurities in alum can be characterised as those found in metals 

manufacturing and bauxite deposits.  

Data provided by water businesses included some chemical analyses of sludge; however the 

analyses conducted differed between sites. The list of parameters tested for in alum sludge that 

was provided by water businesses are presented in Appendix B. Some analyses were 

conducted for purposes of determining waste landfill categorisation, and other analyses were 

conducted to determine suitability for agricultural re-use. In most cases, alum sludge was tested 

for aluminium content; however it is apparent that no standard suite of chemical analyses is 

conducted for characterising sludge quality or assessing the suitability for reuse options. The 

analytical testing requirements for assessing sludge suitability for various re-use technologies to 

be trialled in this research project will be dependent on the end uses and transformative 

processes being considered in Section 3. A recommended analytical protocol may be 

developed to aid the process of matching sludge sites with technology trials. 

The water content of alum sludge varied considerably between different sludge sites. The solids 

content of thickened sludge is typically 2-4% solids, and mechanically dewatered sludge (via 

centrifuge) ranged between 17-23% solids. Sludge in drying beds is estimated at 50-70% solids, 

and stockpiled sludge is estimated at >75% solids. There may be some limitation to re-wetting 

dried alum sludge that is greater than 15% solids.  

2.2.5 Sludge quantity and disposal 

The amount of sludge generated by various water authorities ranged from approximately 

150 tonnes per annum for one organisation to 43,500 tonnes per annum for another. This 

disparity is mainly due to the number of treatment plants the organisation owns. From 
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information provided by survey respondents, the highest amount of dried sludge from a single 

site on a dry weight basis is 2,000 tonnes per annum. See survey response in Appendix A. 

The alum sludge disposal methods identified by the survey respondents included landfill, further 

treatment at their sewage treatment plant, land application and on-site stockpiling. The majority 

of the dried sludge from respondents’ plants goes to landfill (7 sites out of 16).  One site sends 

the dried sludge to their wastewater treatment plant and the rest either stockpiled or applied it 

on land.   

The rationale for landfill and wastewater treatment plant disposal of alum sludge was both cost 

and convenience, for all of the Victorian respondents. Where stockpiling was performed, it was 

noted that disposal was rarely required. One interstate respondent cited that landfill disposal is 

required by the local regulator. Other interstate water authorities stated a number of factors 

affected their choice of disposal, namely cost effectiveness, convenience, site environmental 

requirements and continuation of historical practices. 

While cost effectiveness is a major determinant of sludge handling and disposal, environmental 

costs were not raised by respondents as a perceived risk with current practices.  This can be 

attributed to sludge being regarded as a relatively benign waste product, which is not expected 

to cause environmental harm.  The environmental costs associated with current disposal 

practices can be regarded instead as being indirect; through factors such as the consumption of 

landfill capacity and motor vehicle emissions generated from sludge transport. 

Alternative alum sludge disposal options have already been considered by nine of the eleven 

survey respondents, but these have either not been approved for environmental protection, or 

have been prohibitively costly.  The respondents were also asked about aspects that are 

affecting the potential reuse or recycling of alum sludge, and the general view was that no 

feasible markets are readily available.   

The costs of alum sludge disposal were unknown or unspecified in 3 responses. Seven water 

treatment plants had costs of $130-$200 per tonne for landfill and/or sewer disposal. These 

estimates did not include transport costs. One water business stated that, although the sludge is 

considered inert, disposal of the material is limited to the leachate control area of the landfill, 

which attracts higher tip fees.  A potential regulatory risk identified by one Victorian respondent 

was that although alum sludge is currently considered clean fill, the regulator may consider 

classifying alum sludge as industrial waste, which may increase disposal costs. A likely risk 

identified by several respondents was of substantial increases in landfill fees in the near future, 

due to a developing scarcity in local landfill capacity. 

Transport of sludge from water treatment plants to landfill sites are a substantial cost 

component for utilities. Only one survey respondent provided road transport costs, of $30-40 per 

tonne. These costs are dependent on the distance from source to landfill. Several water 

businesses indicated that the options for landfill were diminishing and they were forced to 

transport sludge over increasing distances for disposal. Avoidance of transport costs was 

identified as a significant potential saving for alternative handling strategies with alum sludge; 

this potential is dependent upon site-specific factors, such as available space for processing of 

sludge at a water treatment plant, or the proximity of other end uses able to receive sludge. 

The cost to the Victorian water industry of disposal has not been calculated due to the 

information gaps in production rates evident from the survey. However, the disposal costs for 

one large Victorian utility were estimated as greater than $1.5 million per annum, and exceeded 

$6 million per annum for one large interstate utility.  

Based on figures provided by 3 major urban water utilities, the quantity of alum sludge for 

disposal is typically at least double the amount of alum used (variation appears to due to de-

watering efficiency). Based on the estimate of alum used in the Victorian Water industry, and 
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the typical cost for disposal of $130 per tonne, we estimate the total cost of alum disposal for 

the Victorian water industry at more than $6.2 million per annum. 

2.2.6 Key factors affecting sludge quality 

The risk management of the use of alum and similar coagulants for potable water treatment 

have clear recommendations provided by ADWG (NHMRC 2011). Although these 

recommendations do not prescribe the allowable impurity or contaminant level allowed in 

treatment chemicals, it clearly describes a process for setting acceptance criteria for chemicals. 

The acceptance of chemicals by a water utility is dependent on representative analytical testing, 

generally conducted by the chemical suppliers. In general, the presence of impurities in the 

sourced alum is sufficiently low to achieve health guidelines in ADWG (NHMRC 2011), and thus 

the alum is not likely to contribute a significant amount of contaminants considered in this 

process. 

Other than alum dosed for treatment, alum sludge is composed of the particles removed 

through coagulation process. These typically come from raw surface water, and will therefore 

contain material that originates from the source water catchment. As indicted earlier, these can 

include relatively benign colloidal particles, but may also include nutrients, metals and organics. 

Additionally the relative proportion of these components may vary within any raw water 

throughout the year depending on any number of natural and resource management activities. 

As this component of alum sludge is less controlled, it contributes most to the variability and 

unknown factors affecting sludge quality. This includes the chemical composition as well as the 

physical properties of the sludge that may affect handling. Several anecdotal comments from 

the project workshop suggested that sludges with high colloidal content tend to flocculate into a 

denser, muddier sludge, whereas sludges containing higher organic loads have been noted as 

being fluffier and less settleable. The choice of coagulant also affects the quality of sludge 

produced, and ease of handling and lower rates of filter or membrane blockages is often 

suggested as a benefit of some alternative aluminium based coagulants (i.e. PACH & PAC) 

(pers comm. Omega Chemicals). 
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3. Review of alternative practices with 

alum sludge 

3.1 Objectives 

The aim of this review is to identify the following: 

 The potential end uses for the large amounts of alum sludge produced during water 

treatment; 

 The processes necessary to transform sludge to make it suitable for those potential end 

uses; and 

 The feasibility of implementing the more promising transformation processes and end 

uses, as measured by an approximate estimation of benefits and costs. 

The examined transformation processes will be ranked to allow selection of the most promising 

methods. These shortlisted processes will be assessed for their appropriateness to be trialled 

at a laboratory scale in the following stage of the project.  

Regulatory requirements associated with the end uses of alum sludge are a factor in 

determining what practices are permitted or not permitted. This review is intended as a 

technical summary, and the regulatory requirements of different jurisdictions are not extensively 

discussed. However, the regulatory position and other drivers as described by three 

stakeholder utilities are presented briefly, to compare what may be possible or not possible in 

different jurisdictions. 

3.2 Source material 

The properties of alum sludge resulting from water treatment processes are important in 

determining the subsequent handling and use of this material.  

The focus here is on coagulant sludges from water treatment, which can be expected to contain 

a combination of alum coagulant, along with solids from sedimentation or flotation processes. 

The characteristics of alum sludges for subsequent reuse have been described by NSW Water 

Directorate’s Water treatment plant guidelines for residuals and backwash water reclamation) 

(NSWWD 2013) and the following brief summary has been drawn from that reference. 

Alum sludge from a water treatment plant will have undergone some processing to improve the 

simplicity and cost-effectiveness of subsequent handling. This will typically involve the removal 

of water from the sludge. Removal of water is likely to be initially performed by thickening, and 

is usually followed by dewatering. Reuse options are expected to be most available for 

thickened or dewatered sludges.  

“Thickening” processes usually involve gravity thickening or decanting, and sometimes include 

mechanical thickening where cost-effective. Subsequent separation is termed “dewatering”, a 

process which treats a liquid waste stream to form a product with properties more akin to a 

solid. Low cost dewatering processes include the use of drying lagoons and drying beds. 

Mechanical dewatering can include processes such as the use of a belt filter press (rarely used 

for water treatment sludge), centrifugation (to produce sludge containing 15-25% solids), or 

membrane filter presses (to produce 25%+ solids). Further water removal can be performed by 

other management actions such as long-term storage to allow evaporation, and by mixing with 

other materials to form reuse products such as soil mixes.  
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The separation of water from the sludge reduces the product weight, improves handling 

characteristics, and reduces transport and disposal costs. Sludge transportation is frequently a 

major part of the cost of subsequent handling, and these costs are substantially reduced by 

moisture removal. 

The physical structure of the sludge is largely determined by the proportion of solids it contains. 

Liquid and viscous liquid sludges (containing up to approximately 12% solids) are thickened 

and dewatered to remove water as summarised above. These processes produce pasty solids, 

with increasing firmness as proportions of solids increase (to approximately 25% solids). 

Further water removal by evaporation can produce an increasingly soft and crumbly product of 

up to 80% solids, which then become dusty if further evaporation is performed. The physical 

structure of the sludge is also affected by the proportion of alum to other solids. Alum produces 

voluminous hydroxide precipitates, which retain water well and are difficult to dewater. The 

coagulation process produces a high proportion of hydrophobic oxy-hydroxides, which tend to 

prevent re-hydration of the sludge.  

The nature of the solids is dependent upon the water catchment area, and may contain 

concentrations of heavy metals, pathogens or other materials. Where sludge has been 

examined in literature studies, its physicochemical properties are usually described. The 

average component concentrations drawn from a range of results are presented in Ippolito, 

Barbarick et al. (2011). A comprehensive review of the physicochemical and structure 

characteristics of sludge and the effects of treatment processes on subsequent dewatering is 

described in Verrelli (2008). 

Alum sludge has the potential to contain toxic substances concentrated from source waters, 

which may affect the subsequent disposal or re-use options available for the sludge. There is a 

lack of information about the potential toxicity of alum sludges in the literature, although the 

information which is available does not suggest that sludges should be regarded as hazardous 

wastes by default. Babatunde and Zhao (2007) cite some investigations into sludge toxicity; 

these studies did not find acute toxicity effects in a variety of situations, and where examined, 

heavy metal concentrations were less than regulatory levels. When compared with sewage 

sludges, alum sludge can be expected to contain substantially fewer problematic constituents 

and pose few environmental risks. As a regulatory risk, should the disposal requirements for 

sewage and drinking water sludges be conflated based on perceptions of toxicity, this can be 

expected to unnecessarily restrict recycling opportunities and increase the disposal costs of 

alum sludge. 

3.3 Brief summary of regulatory and other drivers 

Three of the utilities participating in this project were asked about the regulations influencing 

what alum sludge practices are required or prohibited in their jurisdiction, and what other 

factors were influencing these practices. 

ACTEW Water has the ACT EPA as their environmental regulator. A consideration from this 

regulator is the preservation of landfill capacity, which has led to discussion about alternatives 

to landfill disposal. Sewer disposal was originally raised as a possibility. However, the water 

treatment plants are located substantial distances from the nearest sewer connections, and so 

this would have required the construction of new sewer mains. Additionally, the wastewater 

treatment process involves incineration of sewage sludge in a furnace, and there were 

concerns that additional aluminium from disposed sludge may contribute to “clinker” lumps 

which could cause blockages in the furnace, although this concern was not substantiated or 

investigated for technical feasibility or risk. As an alternative to disposal, composting of alum 
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sludge has been used historically, however this was anecdotally discontinued due to concerns 

over aluminium concentrations in the resultant soil product. 

The regulatory situation for ACTEW Water is somewhat unusual, with its operations conducted 

in the ACT and in NSW, widening the number of regulatory stakeholders. However, there do 

not appear to be specific regulatory requirements or prohibitions for alum sludge disposal or 

recycling. Other drivers for examining sludge policy at ACTEW Water included an 

organisational focus on sustainability, with practices resulting in large-scale production of waste 

being a natural subject for improvement from such a focus; and the increasing financial costs 

associated with landfill disposal. This is consistent with the direction of the NSW and ACT 

governments, as well as the South East Region Organisation of Councils (SEROC), which are 

collectively investigating opportunities for the use of regional wastes as feedstocks for new 

industries. 

In Queensland, alum sludge is classified as general waste and is usually stockpiled on site or 

transported to a landfill for disposal.  As landfill levy prices were set to nil on 1 July 2012, there 

has been less incentive to investigate a more sustainable disposal method, although 

transportation of the sludge can still be costly.  Although stockpiling is inexpensive, this practice 

is limited to the amount of land area available.  Therefore, as space for stockpiling decreases, 

the pressure to seek an alternative disposal method increases.   

The main drivers for Queensland to seek alternative alum sludge disposal methods are 

increasing direct and indirect costs, managing the risk of loss of production and managing the 

risk involved in legislative changes. 

Costs 

Although rates associated with water and sewerage services have increased, the cost of alum 

sludge disposal is increasing.  This is, in part, due to some landfills in close proximity to the 

treatment plant refusing to accept the sludge.  It is also due to the increase in sludge production 

as water demand increases.  There is a concern that current practices are financially or 

environmentally unsustainable. There is also a desire to reduce operational costs by 

investigating the feasibility of reusing the sludge and reducing chemical costs.  

Loss of production 

The increase in alum sludge production, especially at peak periods, can exceed current sludge 

management capacity.  Although the facilities could be upgraded, it may be beneficial to 

investigate options that can defer these upgrades and provide a longer term solution to alum 

sludge disposal. 

Legislative change 

For long term planning, it is reasonable to expect that the costs and legislative restrictions may 

change for the worse.  To mitigate this risk, the investigation of a more sustainable option 

would be a benefit to water utilities. 

EPA Victoria considers alum sludge to be industrial waste which needs to be managed in 

accordance with their Industrial Waste Resource Guidelines “Solid Industrial Waste Hazard 

Categorisation and Management” (EPA 2009). This means that for the sludge to be disposed of 

at a landfill, testing of the sludge for heavy metals, anions, organic chemicals, and pesticides 

will need to be conducted to categorise the sludge.  The cost of this analysis adds to the cost of 

transportation and landfill levies, making this disposal method a costly exercise.  Similar to 
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Queensland, although stockpiling on site is inexpensive, space is limited and an alternative 

solution is required. 

Regulatory issues in the US are described by Verrelli (2008). An absence of specific 

regulations has led to local authorities “informally” applying criteria from the “Standards for the 

Use or Disposal of Sewage Sludge” (USEPA 1993), or developing separate guidelines based 

on these. It is noted that the sewage sludge standards specifically exclude application to 

“drinking water treatment sludge”. The standards identify a range of metals and organic 

components considered to present a risk to groundwater; water treatment residuals can be 

expected to meet these criteria without difficulty. No failures of such are documented in the 

literature, and many jurisdictions assume that such sludges are satisfactory without testing 

them.  

Verrelli (2008) also notes that the South Australian EPA allows, in an interim guideline, land 

application of sludges provided that the land is not used to grow food for human consumption, 

that selected metals do not exceed a biosolids standard, and that significant adverse 

environmental impacts are avoided.  

3.4 End uses for alum sludge 

A wide variety of end uses for alum sludge have been described in available literature. As the 

sludge is often regarded as a waste product, these descriptions are frequently regarding 

disposal practices, which are included here as potential end uses. As these are frequently the 

current practice with the handling of alum sludge, they also serve as a baseline for comparison 

with other alternatives. 

It may be the case that some of the more promising end uses require substantial further 

discussion with other industries to gain a more complete understanding of how they could 

receive alum sludge. It is not intended that such further discussion be a part of this project. 

The variety of end uses for alum sludge discussed in available literature has been summarised 

in this section. 

3.4.1 Landfill and sewer disposal 

While not strictly an “end use” of alum sludge, disposal to landfill or sewer is the fate of much 

alum sludge generated from water treatment processes in Australia and elsewhere. In order to 

reduce transport and disposal costs, the sludge usually undergoes thickening and dewatering 

processes, which are described in section 3.5.1.  

There are many examples of current landfill and sewer disposal of alum sludge in Australia 

cited in NSW Water Directorate’s Guidelines (NSWWD 2013): 

 The 450 ML/day Winneke WTP, the largest surface water treatment plant operated by 

Melbourne Water, disposes of sludge cake to landfill. This practice was introduced in 

2010 following the construction of a centrifuge plant for dewatering; prior to this the 

dewatered sludge was discharged directly to sewer.  

 In southeast Queensland, Seqwater operates over 40 water treatment plants, which 

typically produce alum sludge from treatment processes. These are most commonly 

disposed of to sewer or landfill, although some alternate practices are utilised. The Bribie 

Island WTP discharges sludge to sewer, which contributes significantly to phosphorus 

removal at the receiving wastewater treatment plant. 
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 Where treatment plants produce residuals with characteristics unsuitable for reuse, then 

landfill disposal may be the preferred option; such as with residuals from the South 

Australian Happy Valley WTP, which contain high concentrations of copper. The 10 

ML/day Daylesford DAFF plant, operated by Central Highland Water, discharges 

thickened backwash water to sewer, providing a marginal benefit to the downstream 

wastewater treatment plant. 

Alum sludge may be suitable as a precursor or reagent material used to convert a 

contaminated waste material, which is environmentally unacceptable, to a relatively harmless 

granular substance which is environmentally acceptable (Beckham and Robson 1995). The 

reagent is comprised of an effective amount of Al2O3, SiO2, alkali metal hydroxide or hydroxide 

precursor, CaO, and a medium to large pore zeolitic material. The method involves blending an 

effective amount of the reagent material with the waste material and allowing it to dry without 

setting, thereby resulting in an environmentally acceptable particulate substance.  

Another process for treating heavy metal-containing waste solid (Masat 1993) may be able to 

utilise alum sludge to convert e.g., heavy metal- containing soils, sludges, ashes from 

incinerators, power plants, and boilers, and fly ashes, into innocuous waste that can safely be 

disposed of in unlined landfills. The process comprises contacting the materials in the presence 

of water with an amount of phosphate ions such that the resulting pH of the mixture, 

established by free phosphate ions, is controlled at a value <6.9, contacting the mixture with an 

amount of Al
3+

 and Fe
3+

 ions such that excess phosphate ions are bonded, and adjusting the 

pH to the alkaline range.  

 

3.4.2 Landfill cover 

Cornwell (2006) describes arrangements between some utilities and landfill operators where 

residuals are used as a daily cover material rather than just a landfill disposed substance. 

Because of the value of the residuals as a fill material, some landfills will accept lower fees for 

residuals disposal. Landfill cover case studies are described by Cornwell, Mutter et al. (2000) 

for the Rivanna Water and Sewer Authority, and the Santa Clara Valley Water District. 

Several processes have been patented for processing alum sludge either as a primary or 

secondary product that can be useful for landfill cover. Woo, Kim et al. (2012) developed a 

method for manufacturing a landfill cover material using organic sewage, waste sludge and 

alum sludge and fly ash generated from thermal power plants. Hwang (2004) developed a 

method for recovering alum coagulant from water treatment sludge by acidic extraction that 

also produces sludge cake that can be reused as a daily landfill cover soil. Zhao, Zhen et al. 

(2011) developed an Al-based gelling hardener used for solidification of dewatered sludge, with 

several potential applications including landfill covering. Novak, Baloun et al. (2001)developed 

a method for reprocessing of ammonia alum to utilizable and storable products, with a solid 

phase byproduct that may be suitable for sealing of settling basins and waste landfills against 

external moisture and leaching of radioactive materials from deposited sludges. Raw Al-NH4 

sulfate containing ≤50% impurities is treated with excess CaO or Ca(OH)2 (in relation to 

sulfates present in the charge) to obtain pH of ≥8 (preferably 10-12.5).  The alum is 

decomposed to give an NH3 gaseous phase and a solid phase containing CaSO4 and Al(OH)3.  
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3.4.3 Coagulant recovery and reuse in water treatment 

The processes by which alum recovery from sludge has been reported are summarised in 

section 3.5. The most commonly encountered recovery method in the literature is extraction 

using sulfuric acid.  

The effectiveness of recovered alum for reuse in water treatment has varied depending on the 

recovery process, however has generally been reported to be equivalent to fresh alum following 

acid extraction. With the reuse of recovered alum for water treatment, concerns may exist with 

the concentration of undesirable contaminants such as heavy metals from the water catchment, 

these concerns appear to be case-specific. In the Australian context, the guidance for the 

management  of risk of contamination to potable water supply from water treatment chemicals 

is provided by ADWG (NHMRC 2011). Existing processes used for setting acceptance criteria 

of water treatment chemicals would be equally applicable for alum recovered from water 

treatment sludge. 

The potential for reduced expenses associated with reduced requirements for source material, 

disposal and transport may provide opportunity for financial benefits. An examination of the 

cost effectiveness of recovery is often presented in available case studies. Where available, 

these have been summarised in the description of the recovery process (section 3.5). The cost 

effectiveness of reuse in water treatment is highly dependent upon case-specific factors, such 

as the cost of disposal options and the market price of alum; and consequently generalisations 

about its economic attractiveness should be avoided.  

3.4.4 Reuse in wastewater treatment of recovered alum or alum sludge 

A beneficial reuse of alum sludge, whether in dewatered form or further processed to recovered 

alum, is its application in wastewater treatment processes. This has the potential to increase 

wastewater treatment efficiency, to condition the resultant sewage sludge, and to remove 

phosphorus and other nutrients from effluent streams to improve environmental outcomes. This 

alternative can be regarded as having a lower requirement for alum purity than would be 

necessary for water treatment, and so may be preferable if the recovered alum was not suitable 

for water treatment.  

If alum purity is unimportant, and the wastewater treatment site is in proximity to the water 

treatment site, then relatively untreated sludge itself could be used in the wastewater treatment 

process. As noted earlier, sewer disposal of alum sludge is sometimes described as of benefit 

to the subsequent treatment of the sewage, particularly with the removal of phosphorus; in such 

cases it could be contended that use of the sewer is an inexpensive means of transport of the 

sludge to the sewage treatment plant. Ferreira, Piveli et al. (2013) compare a 6-month period of 

sewer release of water treatment sludge, sourced from settling tanks and spent filter backwash 

water, to a similar period without such release. The receiving wastewater treatment plant 

included an anaerobic stabilisation pond followed by a facultative pond. The sludge release 

period resulted in a 17% increase in TSS, a 7% increase in influent flow volume, but resulted in 

no adverse effects on the removal efficiency of organic load, TSS or nutrients. It was concluded 

that, for the examined case, the disposal of sludge to sewer resulted in little effect on 

downstream wastewater processing and effluent quality, and that it was a viable technical, 

environmental and economic alternative for sludge disposal for small to medium sized 

wastewater treatment plants.  

There is a substantial amount of literature examining the potential for use of alum sludge as a 

phosphorus adsorbant in wastewaters. Babatunde and Zhao (2007) reviewed a number of 

studies of this end use. It is noted that many of the process variables for this application are 
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incompletely understood, and that consequently there is much scope for process optimisation. 

Similarly, the potential for the use of alum sludge as a co-conditioner with sewage sludge was 

reviewed by these authors; finding that waste activated sludge dewaterability and settleability 

were enhanced by the addition of alum sludge. 

Bustamante and Waite (1996) examined the use of recovered alum to enhance phosphorus 

removal from wastewater, this process was found to be effective at a laboratory scale. These 

authors concluded that it was technically and economically viable to reuse alum from 

dewatered sludges for phosphorus removal from sewage treatment plants. 

Xu, Yan et al. (2009) described the use of alum recovered from coagulation sludges with 

chemically-enhanced primary treatment of municipal wastewater, with the aim of increasing the 

primary treatment process efficiency and cost-effectiveness. Recovery was performed using an 

acidification process, with ~85% alum recovery and ~35% sludge volume rates reported. The 

recovered alum demonstrated capacities for the removal of turbidity (96%), UV254 (46%) and 

COD (53%); these capacities were similar to those achieved with the use of fresh alum.  

Ishikawa, Ueda et al. (2007) reported on sulfuric acid extraction of alum from water treatment 

sludge, with the intended reuse in domestic and food industry wastewaters. The recovered 

alum was found to have a greater capacity for the removal of chemical oxygen demand and 

particularly of phosphorus, when compared with fresh alum. A simple comparison of extraction 

reagent costs against commercially-supplied alum was performed; based on the capacity to 

remove COD and phosphorus, the recovered alum was a less expensive alternative than fresh 

alum. It was noted that a more detailed examination of costs would be required prior to 

potential implementation of the process.  

The phosphorus adsorption behaviours of alum sludge were examined by Yang, Tomlinson et 

al. (2006) for the subsequent use of the sludge in wastewater treatment. It was reported that pH 

plays a major role in the adsorption process and the adsorption capacity of the sludge, and that 

the amount and particle size of the sludge also exerted effects on behaviour.   

Gao, Wang et al. (2012) conducted experiments to investigate and compare the adsorption 

characteristics of phosphorus species by water treatment residuals. These adsorption 

processes were found to be favoured at low pH values, and that adsorbed phosphorus species 

had a low leaching risk and could stably exist in the residual, which were of benefit in the use of 

the residual as a low-cost phosphorus adsorption material.  

As an alternative to municipal wastewater treatment, it may be beneficial to treat industrial or 

agricultural wastewater streams using recovered alum. Basibuyuk and Kalat (2004) describe 

the successful use of a ferric wastewater sludge for the treatment of vegetable oil refinery 

industrial wastewater with the potential for significant savings in coagulant which would 

otherwise be used, alum sludge would be equally applicable to this reuse application. Similarly, 

Basibuyuk, Unlu et al. (2004) examined the potential for water treatment sludge to remove 

COD and TSS from papermill wastewater streams, and found that the sludges were able to 

perform as equivalents to fresh coagulants.  A patented wastewater treatment process by Li, 

Liu et al. (2010) incorporates partial return of alum sludge back into the upstream treatment 

process. 

3.4.5 Reuse as a substrate in constructed wetlands 

One mode of application of alum sludges for agricultural wastewater treatment has been 

through incorporation of the sludge into the substrata of constructed wetlands. This utilises the 

adsorption properties of the sludge to remove nutrients from wastewater streams, particularly 
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phosphorus. Several studies have examined the effectiveness of this approach for wastewater 

treatment. 

Zhao, Zhao et al. (2013) described a multi-stage alum sludge wetland investigation, designed 

for the treatment of high-strength agricultural wastewater. The tested wetlands were 

constructed with a substrate of dewatered alum sludge cakes, and planted with Phragmites 

australis (the common reed); and developed a microbial biofilm community on the substrata 

with a capacity to remove nutrients by biological degradation. Laboratory-scale testing of the 

wetland demonstrated removal efficiencies for BOD5, COD, and phosphorus species reported 

between 70 and 90%; with much of the phosphorus removal attributed to adsorption to the 

substrate. A subsequent pilot-scale trial showed stable phosphorus removal of greater than 

90% for a year of operation, followed by a decline in efficiency; it was hypothesised that this 

was due to saturation of adsorptive capacity from continuous loading. Disposal of the saturated 

alum sludge was examined, with its use as a soil modifier noted, and a phosphorus recovery 

process with sulfuric acid extraction, decolouration, and pH adjustment was described. This 

process resulted in the recovery of aluminium phosphate, with potential reuse value as an 

agricultural fertiliser and as an industrial raw material. 

The major pathways of phosphorus removal and subsequent transformation by wetlands using 

alum sludge as a substrate include adsorption, plant uptake and microbial uptake. Examination 

of these pathways and subsequent mathematical modelling by Kumar, Zhao et al. (2011) 

concluded that adsorption played a pivotal role in phosphorus removal, being responsible for 

59-75% of total removal in the tested systems. This underlines the relative advantage of using 

a wetland with a sludge substrate, compared with wetlands otherwise used for wastewater 

treatment. 

Yang, Zhao et al. (2011) examined a laboratory-scale constructed wetland with an alum sludge 

substrate for the treatment of reject water (the supernatants from sludge digestion processes) 

from a municipal wastewater treatment plant. The system was able to remove an average of 

99.5% of phosphorus from the waste stream over 190 days of operation, along with some 

removal of ammoniacal nitrogen and organic matter.  

3.4.6 Land application for agricultural use or disposal purposes 

Land application of water treatment sludges is the most commonly practiced beneficial use 

method used by US utilities. Cornwell (2006) reported at least 25% of responding utilities 

performed land application of residuals, with the assumption made that the majority of residuals 

were applied to agricultural soils. This report reviews other studies which have documented 

impacts on crop growth. Positive impacts reported included the improvement of soil structure, 

adjustment of soil pH, addition of trace minerals, increased moisture holding capacity, and soil 

aeration. Some negative impacts were reported, including a tendency to bind plant-available 

phosphorus, and the potential for aluminium phytotoxicity in acidic soils. Ippolito, Barbarick et 

al. (2011) cite several studies which corroborate the association of plant phosphorus 

concentration decreases, phosphorus deficiency symptoms, and decreased plant yields with 

soil application of water treatment residuals. However, this is also noted as a potential 

advantage where soil phosphorus concentrations are grossly in excess of that required for plant 

growth; this is further reviewed in section 3.4.7. 

Guidance including information on land application programs, application rates, quality 

parameters, and the logistics of program implementation has been described by Elliott, 

Dempsey et al. (1990). Sludges can be applied in liquid or dewatered forms, and the 

advantages of combining residuals with other beneficial agricultural products are described 
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further by Cornwell, Mutter et al. (2000), including the marketing advantages of such an 

approach with farmers. 

Novak, Knocke et al. (1995) performed two field studies assessing the effects of aluminium-

based water treatment residuals (alum sludge) application to land. These included a 

demonstration-scale field study evaluating the impact on the growth of corn and wheat; and the 

evaluation of the impact on long-term groundwater quality and pine tree growth at a site 

approximately three years after alum residual application. Overall, the data was regarded as 

supporting the conclusion that alum-based coagulant residuals may be applied to agricultural or 

forest lands at loading rates of 1.5 to 2.5% by dry weight without causing negative impacts on 

plant growth or the environment. 

 The crop growth study examined residuals with significant amounts of nitrogen, and 

heavy metal contents well below those routinely associated with sewage residuals that 

are applied to land. Corn and wheat yield data indicated that there was no significant 

variation in yield as a result of application of the residuals. The plant tissue content of 

metals and nutrients was within normal values for these plants. It was concluded that 

little short-term benefit or detriment to the cropland would result from residuals 

application at the tested rates.  

 The long-term effect study examined soil samples from various depths for a defined set 

of heavy metals. Results indicated that only zinc and copper were present at statistically 

higher concentrations in the upper regions of the soil profile in residuals-amended soils. 

Elevated copper concentrations were attributed to the practice of the source water 

authority of applying copper sulfate to the catchment source water to control algal 

growth. Groundwater samples collected upstream and downstream of the application site 

did not show significant deterioration as a result of residual application. Pine tissue 

content and growth showed no statistically significant differences between control and 

amended sites.  

Rigby, Pritchard et al. (2010) examined the agricultural application of alum sludge in a West 

Australian study. The results of this study indicated that alum sludge provided sufficient 

nitrogen and many other plant nutrients for the growth of wheat and barley, with the exception 

of phosphorus. Composted sludges and alum-treated sludges were potentially regarded as 

suitable soil amendments in areas that were particularly vulnerable to phosphorus leaching. 

A number of examples of reuse via land application are given in NSW Water Directorate 

(NSWWD 2013); 

 Several Adelaide WTPs apply sludge at horse racing tracks. 

 Rathdowney WTP in southeast Queensland applies thickened sludge to land 

 Kooralbyn WTP, Moogerah Dam WTP and Maroon Dam WTP in southeast Queensland 

combine non-thickened sludge with backwash water for irrigation. 

Cornwell, Mutter et al. (2000) present two case studies of alum sludge application to land by 

American water utilities.  

 The Cobb County – Marietta Water Authority successfully applied residuals to crop and 

pasture land.  

 The New Jersey Water Supply Authority blended alum residuals with river sediments, 

and then applied to utility-owned land proximate to the treatment plant. 
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3.4.7 Control of phosphorus in runoff and through leaching 

Phosphorus runoff and leaching from soil additives into waterways is a well-documented 

problem, able to cause significant environmental nutrient pollution. As alum sludge has a 

capacity for phosphorus adsorption, it has potential application as a management solution for 

phosphorus runoff and leaching. A wide variety of materials able to adsorb phosphorus and 

methods to allow their contact with agricultural waters can be used to perform this, with cost-

effectiveness usually a major determinant of the process used; Buda, Koopmans et al. (2012) 

summarised recent developments in materials and methods for the control of agricultural 

phosphorus losses, including the use of water treatment residuals. 

Municipal biosolids are produced from sewage treatment processes. Biosolids are able to be 

applied to land as a fertiliser, (with regulatory restrictions on management to avoid adverse 

effects on receiving environments e.g. EPA (2004)), and would otherwise be regarded as a 

waste product. An appealing potential end-use for alum sludge is its co-application with 

biosolids, combining the characteristics of two waste products to produce a resource with 

improved potential for land application.  

Elliott, O'Connor et al. (2002) evaluated the ability of water treatment residuals to alter 

phosphorus solubility and leaching in a sandy soil amended with biosolids and superphosphate. 

Alum sludge was effective at adsorbing released phosphorus in this situation. It was concluded 

that application rates of residuals to soil could be determined based on the adsorptive capacity 

of the residuals, which could be measured using a simple oxalate extraction test. 

Novak and Watts (2005) evaluated the effects of various amounts of alum sludge amendment 

on phosphorus enriched soils. Amendments caused near-linear significant reductions in soil 

phosphorus concentrations, with minimal observed impacts on soil quality properties. The 

reduction in concentration of the water-soluble fraction of phosphorus was relatively larger than 

the non-soluble fraction, suggesting that the sludge amendment was more effective at reducing 

potential runoff phosphorus losses than as an amendment to lower particle-bound 

concentrations. 

Ippolito, Stromberger et al. (2006) examined the nutrient dynamics effects of the co-application 

of sludge and municipal biosolids; determining the long-lasting effects of a single co-

application, and the short-term impacts of repeated applications on native rangeland soil. The 

aims of this study were to quantify the changes in organic and inorganic phosphorus, and 

identify shifts between phosphorus fractions over the study period. This work determined that 

there were no indications that the co-application treatments caused phosphorus overloading or 

phosphorus deficiencies at the application rates used (5, 10, or 21 Mg sludge per ha, applied 

with 5 Mg biosolids per ha), two concerns of biosolids or sludge application separately. The 

sorption of phosphorus from biosolids to the amorphous aluminium component derived from 

sludge was regarded as providing long-term sorption stability, and able to reduce the risk to 

runoff. It was concluded that sludge-biosolids co-application was a viable alternative to landfill 

disposal. The co-application of 10 Mg biosolids per ha with 21 Mg sludge per hectare led to 

phosphorus saturation index reductions equal to or below background soil levels; a 2:1 ratio of 

sludge to biosolids appeared to be the optimal co-application ratio to avoid drastically changing 

a system’s ability to adsorb phosphorus. 

DeWolfe (2006) discusses the concerns relating the impact of agricultural activities on drinking 

water quality, specifically non-point source pollution of phosphorus from agricultural land run-

off; and the investigation of reduced phosphorus release from agricultural lands through the use 

of alum sludge as a management practice. This investigation included the characterisation of 

several types of water treatment sludges; the blending of sludges with high-phosphorus soils, a 
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biosolid, and a poultry manure; and the application of a sludge to a soil surface and simulating 

rainfall. It was concluded that each sludge had unique chemical characteristics that impacted its 

ability to react with phosphorus, including: 

 The type of coagulant used 

 The dose of the coagulant 

 Source water constituents 

 Direct impacts of treatment chemicals 

 Indirect chemical properties of treatment chemicals 

 Storage conditions 

 Age of the sludge 

The blending of sludge with a high-phosphorus soil at loading rates between 0.2 and 2.2 Mg 

per ha resulted in significantly reduced soluble and soil-test phosphorus. Sludges which had 

been lagooned and directly land-applied without dewatering showed a substantially greater 

ability to bind phosphorus than sludges which had undergone dewatering. Rainfall simulation 

testing confirmed the ability of sludge to reduce phosphorus concentration in runoff for soils 

with high phosphorus concentration, and with recent amendment with poultry manure. It was 

concluded that sludges had a potential role in the management of phosphorus in run-off. To 

illustrate this, the National Conservation Practice Standards (e.g. channel bank vegetation, 

contour buffer strips, etc) which could potentially utilise sludge were described, along with the 

envisaged benefits of each mode of application.  

Cornwell, Mutter et al. (2000) describe a case study of alum sludge application to land in 

Danville, PA, for the reduction of soil phosphorus concentrations. The results of this study 

showed that the residuals effectively lowered the phosphate concentrations, although they 

remained at a polluting level. It was determined that residuals could continue to be added at a 

higher concentration to further decrease soil concentrations.  

An essential part of the implementation of management practices such as the use of residuals 

for controlling phosphorus in soils is the dissemination of relevant information to regulatory 

agencies, water managers and those interested in agricultural and environmental nutrient 

management. A recent example of such an approach (Agyin-Birikorang, O'Connor et al. 2013) 

describes the phosphorus loss problem in Florida, water treatment residuals, how residuals can 

be used to control phosphorus losses, and application rates and methods of applying residuals 

to land for phosphorus management while at the same time supplying sufficient nutrients to 

meet plant needs.  

Similar materials have been investigated for use in reducing phosphorus runoff from agricultural 

activities. For example, the effect of alum as an on-farm dairy slurry amendment was examined 

by Lefcourt and Meisinger (2001); these authors concluded that soluble phosphorus 

concentrations and ammonia emissions were significantly reduced from this treatment. 

Similarly, Fenton et al (2008) describe the amendment of poultry litter with alum prior to land 

application as a conservation standard practice in several US states. Such applications may be 

able to be an end-use for recycled alum sludge, either through use of recovered alum or 

through direct substitution of the process alum with alum sludge, and benefit from reduced 

costs from such a change. 
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3.4.8 Composting 

Finished compost can be a valuable and environmentally safe soil amendment, for agricultural 

and commercial applications.  

In Australia, composting trials of a mixture of water treatment residuals and biosolids were 

undertaken for Gippsland Water (Mosse 2007). Germination and early growth of tested seeds 

were reported as excellent, with no growth inhibition from the alum sludge, and superior growth 

to that observed with a commercial seed raising mixture. 

Gippsland Water’s Soil and Organic Recycling Facility (SORF), located at Dutson Downs, 

produce a commercial compost product using a variety of recycled waste streams, including 

biosolids from wastewater treatment. Although alum sludge from the water treatment process is 

trucked to this waste recycling facility, it is not included in the commercially produced compost. 

However, many water treatment plants in the region dispose of alum sludge to sewer, and so 

the sludge inevitably ends up as component of the wastewater treatment biosolids (pers comm. 

Steve Shinners, 2014). The compost is produced to the Australian Standards for Compost, soil 

conditioners and mulches (Standards Australia 2003; Standards Australia 2012) and is 

marketed as an agricultural product for broad acre application based on its nutrient content. 

SORF do not include alum sludge in the commercially produced compost as the potential 

reduction in bioavailable P resulting from the inclusion of alum sludge would diminish its value 

as a nutrient rich soil additive, and is therefore unlikely to make it suitable for agricultural 

products. This existing operation indicates that instead of considering alum sludge as a 

valuable component in compost, it may be more suitable to consider composting as a process 

for disposing of alum sludge to land where nutrient addition is not required.  

Composting has been described as an end use for several US water utilities. Water treatment 

residuals have been successfully used as a bulking agent for composts (Cornwell 2006), which 

reportedly increased pore space for aeration and moisture distribution. The blending ratios of 

residuals to other compost are not described; the need for demonstration studies to determine 

this is identified in this reference. The Metropolitan Water District of Southern California began 

including water treatment residuals as a composting ingredient as a pilot program; due to the 

success of this initial study, the program was then expanded to three of this utilities facilities 

(Cornwell, Mutter et al. 2000). Other composting case studies presented include examples of 

the Rivanna Water and Sewer Authority (Virginia); and the town of Greenwich (Connecticut). 

Lim and Kim (2013) patented a method for preparing compost by mixing food waste, sewage or 

agricultural and livestock wastes with digested water treatment plant sludge, and fermenting the 

mixture.  

3.4.9 Topsoil and potting soil production 

Various raw materials are blended in the manufacture of commercial soil products; material 

costs and transportation are major considerations in this process. Cornwell (2006) describes 

the use of water treatment residuals as an increasingly popular option for utilities, with sludges 

being of value as a bulking agent or weight additive in soil products, and having been 

demonstrated as an effective substitute for some commonly-used raw materials such as perlite, 

limestone, sand and bentonite clay.  

Australian examples of soil products incorporating water residuals are described in NSW Water 

Directorate (NSWWD 2013). The Lal Lal and White Swan DAFF plants service Ballarat, and are 

operated by Central Highlands Water. Alum and lime-based sludges from these plants are 
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transported in a relatively wet form to a local contractor, and are utilised in landscaping and soil 

conditioning. 

Several case studies of the manufacture of commercial soil products using alum sludge in the 

USA are presented by (Cornwell, Mutter et al. 2000). The soil manufacturer Scott’s – Earthgro 

Inc. developed a process using alum and ferric residuals as a soil amendment or bulking agent 

for commercial top soils and potting soils. The Elizabethtown water treatment plant (New 

Jersey) worked with their local environmental regulator to develop a reuse permit, allowing 

direct land application and the blending of residuals with other aggregate materials, resulting in 

the sale of dewatered residuals to a local topsoil supplier with mixed success depending on 

market supply and demand. Other examples in Rhode Island and Colorado were also 

described by this author.  

Hershberger (2003) patented a process for conditioning of alum residuals from water treatment 

for the production of blended topsoil. The sludge is dewatered, conditioned by aging or turning 

periodically, and blended with topsoil components to produce a blended topsoil.  The blended 

topsoil contains ≤50%, preferably ≤30%, conditioned alum water treatment residual by volume 

and 4.5 ppm soluble phosphorus, and is proposed to be marketable for landscaping purposes. 

The percentage of sludge is dependent upon concentrations of metallic elements such as 

aluminium, copper, lead, zinc, and manganese, and the pH level of sludge and the blended 

topsoil.  

Fusho (2006) developed sludge amendments containing powder carriers, flocculants, and 

activated carbon for reuse as arable soil for composting, etc. The carriers are composed of 

pozzolanic solidifying materials to promote aggregation of the sludges and industrial waste-

derived carbonized materials to remove odour and promote solidification by supplying alkali. 

Matsuoka, Fujita et al. (1993) describe an aluminium recovery process from wastewater 

treatment sludge using dilute acidification, which produces a residual sludge suitable as an 

agricultural soil.  

3.4.10 Turf farming 

Cornwell (2006) describes the application of sludges to turf fields in liquid or solid forms, with 

the extent of dewatering dependent upon transportation, dewatering costs, economics, and 

preference of the turf farmer.  

A residuals management study by two New York water treatment plants is described by 

Cornwell (2006), where water treatment residuals were applied as a soil substitute to turf farm 

demonstration plots at various rates. This study demonstrated yield increases, and indicated 

that this end use was a financially viable option; a development permit allowing residuals 

marketing was subsequently granted. 

Case studies of residuals use in turf farming are described by Cornwell, Mutter et al. (2000). 

These include examples from the Erie County Water Authority, (New York); and the Grand 

Strand Water and Sewer Authority (South Carolina). These studies were economically 

successful, and did not result in negative effects to soil or water quality.  

3.4.11 Forest land application 

Cornwell, Mutter et al. (2000) and Cornwell (2006) describe the application of dewatered alum 

sludge residuals to catchment forest lands in Virginia. This followed greenhouse and field-

studies to assess impacts of soils, soil water and plant growth; which concluded that low-rate 

residuals land application was a beneficial use, and led to the granting of a land application 
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permit. The permit specified buffer widths and boundaries to application sites, required 

distances from roads and water bodies, and ongoing monitoring of copper, nitrogen and 

aluminium loading rates.  

3.4.12 Land reclamation and remediation 

Environmentally damaged lands, such as abandoned mining sites and quarries, can be 

amended through the addition of fertile soil able to support plant growth. While water treatment 

residuals are typically low in nutrient concentrations, they can be combined with nutrient-rich 

materials and applied in a similar fashion to other land application methods. Cornwell (2006) 

notes that this approach has recently been used to reclaim damaged land, although describes 

examples using liming residuals rather than alum-based coagulation residuals. Ippolito, 

Barbarick et al. (2011) note the proven ability of water treatment residuals to sorb and remove 

anions from the environment; and discuss the potential for removal of the contaminants 

perchlorate, selenium, arsenic, and mercury in environmental situations through the use of 

residuals.  

Leachates resulting from landfill are regarded as polluted wastewaters, with highly variable 

concentrations of physico-chemical parameters. Tatsi, Zouboulis et al. (2003) examined the 

use of coagulants, including alum, as a pre-treatment step for landfill leachates. There would 

appear to be an opportunity for the reuse of alum sludge at landfill sites with leachate problems, 

so as to utilise the adsorptive properties of sludge for the remediation of leachates, or for the 

use of alum recovered from sludge for subsequent leachate treatment.  

The Morgan WTP, operated by SA Water, reuses alum sludge for the rehabilitation of a quarry 

site (NSWWD 2013). A land rehabilitation case study at the Bradford City Water Authority 

(Pennsylvania), presented by Cornwell, Mutter et al. (2000), reported significant cost savings 

during the recovery of the site, and consequently further sites were proposed for reclamation by 

this method. 

Li, Guo et al. (2013) patented a method for in-situ renovation of cadmium, lead contaminated 

farm/field soils through the application (plowing and mixing) of alum slurry. There is no 

indication whether water treatment slum sludge is suitable raw material.  

Ziltek and McLaughlin (2011) patented a method for remediation of soils through addition of 

mixture comprising alum sludge, resulting in stabilization of contaminants (e.g. As and 

polycyclic aromatic hydrocarbon). The composition. may also comprise a reactive C material 

such as activated C, and a solidifier such as Ca silicate-based cement to enable the 

stabilization and immobilization of contaminants. 

3.4.13 Cement manufacturing 

Cement production uses materials such as limestone, shale and clay, which are supplemented 

to include critical concentrations of calcium, silica, aluminium and iron. Coagulant sludges 

typically contain some or all of these supplementary elements, and if added during the 

manufacturing process could reduce the volume of other supplementary materials which would 

be required, and so reduce manufacturing costs. Cornwell (2006) describes the recommended 

location for residuals addition as being during the crushing and homogenisation of raw 

materials, requiring a storage facility for short-term stockpiling residuals at the cement plant; 

and also notes the current limited use of residuals for cement manufacturing and the resultant 

absence of established procedures.  

Cornwell, Mutter et al. (2000) cites a cement manufacturing case study from the city of Tulsa, 

(Oklahoma). The local cement manufacturing company was proximate to the water treatment 
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plant, and initially agreed to perform a six month demonstration test using alum residuals in 

place of shale rock. This was technically and economically successful; and residuals were 

subsequently used in the full-scale process. 

Ding and Cheng (2009) developed a production method for high-performance expanding agent 

for shrinkage-compensating concrete or high-durability concrete which can utilise 5-15% alum 

sludge. The production process comprises milling massive aluminate clinker into powders, 

mixing with other materials, and ball milling under spraying atomized polyalc. ether.  

Although not directly referencing water treatment alum sludge, several patented processes 

describe the use of sludge or byproducts from aluminium industry. Maeno, Nakamura et al. 

(1977) describe a process for producing alumina cement from an Al(OH)3-containing sludge. 

Ca(OH)2 was mixed with an Al(OH)3 sludge, calcined 2 hr at 1200°, the clinker was crushed to 

obtain an alumina cement, and the cement had properties similar to a commercial product. 

Stok, Konik et al. (2010) developed a method for manufacture of alumino-sulfate-lime cement 

additive using dried and milled bauxite and/or aluminium hydroxide (or wastes from aluminium 

industry), gypsum, and limestone. These are heat treated at 1000-1190°, followed by cooling, 

and milling to predetermined fineness.  

3.4.14 Brick manufacturing 

Cornwell (2006) describes the similarities of the physical and chemical compositions of 

coagulant residuals with the natural clays and shales used for brick making; and the potential 

for partial substitution of existing raw materials in the manufacturing process. Dewatered 

residuals with high clay concentrations are described as optimal for brick making, although 

requiring clays with specific properties; while significant lime concentrations are detrimental. 

Several manufacturing pilot studies are cited, demonstrating the potential for production of 

quality bricks incorporating sludges, and the ability of brick making facilities to use the sludge 

output volumes of typical water treatment plants. The introduction of residuals into the process 

occurs optimally at the stage where other raw materials are crushed and blended, after which 

the remainder of the process remains the same. 

A collaborative pilot study examining brick manufacturing in Australia is described by 

Bustamante and Waite (1996), where thickened sludge from a water treatment plant was 

trucked to a nearby brick manufacturer and used as the raw water feed to the manufacturing 

process. Approximately 50,000 bricks were produced with no problems encountered. These 

authors noted the necessity of the water treatment plant and brick manufacturer to be in 

reasonably close proximity, and the necessity for the manufacturer to ensure continuity of use 

of the sludge; and also the benefits of significant cost savings in dewatering and sludge 

storage.  

Brick making is able to incorporate a wide range of materials which may be locally present from 

other agricultural or manufacturing processes. As an example, the combined use of alum 

sludge with rice husk ash to manufacture bricks is described by Hegazy, Fouad et al. (2012). 

This study examined the substitution of sludge and ash for clay in the manufacturing process, 

the resulting bricks were able to achieve higher compressive strengths and other desirable 

characteristics than commercially available clay bricks.  

Brick manufacturing case studies are described by Cornwell, Mutter et al. (2000) from the 

Santa Clara Valley Water District, Cary Apex, (North Carolina), and Durham, (North Carolina) in 

the USA; and from the Hyder Utility in Wales, UK. The American case studies were reported as 

being discontinued for a variety of reasons, including concerns as to brick quality, and a brick 
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manufacturer going out of business, while the UK study was economically successful and 

ongoing at the time of writing. 

Zou (2011) patented a method for the production of bricks using sludge as a raw material. The 

method involves drying and sterilizing wet sludge with a deodorizer, pulverizing the deodorized 

sludge, clay and shale at a ratio of 1:1:1, sieving, and pulverizing again. The mixed raw 

material are stirred and then molded with a brick-making machine, before drying and sterilizing 

the molded bricks in a drying unit, and sintering the bricks at ≥ 1100°C.  

Lin (2009) developed another method for the production of bricks from 30-40% sludge, a curing 

agent (10-20%), fly ash (15-25%), clay (5-15%), and industrial wastes (0-10%). The method 

comprises adding the above components into a tank, stirring uniformly, extruding into brick 

billets of various shapes and sizes by a hydraulic or extruding brick producer, drying naturally 

or using waste heat from a calcining kiln, and sintering at 900-1,100°C for 2-3 h. The method is 

described as a simple process, with a low production cost with very low pollution.  

Li and Liao (2009) propose  an environment-friendly sintering-free method for the production of 

bricks using sludge (65-55%), sand (25-30%), cement (10-15%), and saturated. solvent of an 

oxidant K-salt as an additive. The production process involves immersing the slurry in water, 

adding solvent of potassium permanganate, mixing with a stirrer for 1-2 min, adding sand, 

stirring for 1-2 min, adding cement, stirring for 1-2 min to condense, or adding a soil-

strengthening agent for improving the rate of drying of brick, molding under vibration, naturally 

drying for 10-15 days, and removing from the mold. The patent suggests the method utilizes all 

varieties of sludge efficiently, reduces production costs, and has proper process design, simple 

operation, and no secondary pollution. 

Yuan (2008) developed a method for manufacturing clay sintered bricks with high amount of 

added aluminium hydroxide-containing industrial sludge which may have modified application 

relevant to water treatment alum sludge. The method involves drying the solid waste, and 

introducing the dried, packed solid wastes into a calcination kiln, and heating at temperatures 

(100-1,150°C)for a total of ~40 hours,during which γ-alumina transforms into α-alumina.  The 

treated sludge has α-alumina content > 84%, water content < 0.5%, and vol. d. > 3.2 g/cm
3
. It is 

proposed that the process is simple, safe and reliable, low cost, and good calcination efficiency.  

An Aluminium based gelling hardener used for solidification of dewatered sludge developed by 

Zhao, Zhen et al. (2011) is suitable for multiple uses, including preparation for low-strength 

building material by press forming. The Al-based gelling hardener used for solidification of 

dewatered sludge is composed of Portland cement 50-85%, synthetic calcium aluminate 

(12CaO·7Al2O3) 10-40 %, anhydrous calcium sulfate 2.5-5%, triethanolamine 0.5-1% and 

NaAlO2 2-4%. The application of the Al-based gelling hardener used for solidification of 

dewatered sludge comprises mixing the Al-based gelling hardener and dewatered sludge (at a 

wt. ratio of 5-30:100), stirring, standing and solidifying at room temperature to obtain solidified 

product 

3.5 Transformation processes for alum sludge 

The variety of transformation processes for alum sludge discussed in available literature has 

been summarised in this section. The current operating practices for sludge handling (sludge 

thickening, dewatering, etc) have been included as a transformation process, so as to provide a 

baseline for comparison. Numerous methods and processes were identified within the 

international patent literature which may be applied as alternatives to those which have 

historically been used in Australia. Where available, the chemical processes are described in 
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summary, to enable the identification of similar processes which may be able to perform such a 

transformation in a more cost-effective or sustainable manner. 

3.5.1 Thickening and dewatering 

A wide range of mechanical dewatering processes are used for sludge dewatering. NSW Water 

Directorate (2013) summarises such processes; and Verrelli (2008) describes dewatering 

methods and the effects of previous treatment in considerable detail.  

These are the usual current operating processes performed on alum sludge at water treatment 

plants. The primary goal is to remove water from the sludge, to simplify its subsequent handling 

and reduce transport and disposal costs. These processes are included here to serve as a 

baseline for other treatment processes. It is not the intent of this review to investigate the 

comparative efficiencies of existing dewatering processes used in the water industry. However, 

an innovative dewatering method to supplement existing industry practices could be of benefit 

to subsequent sludge handling, disposal and/or reuse.  

Drewry (1991) developed a method for improving dewatering sludge from water treatment 

through enhanced filterability and drainability of sludge through low doses of H2O2 (2.5-

15 mg/L). 

Numerous apparatus and methods have been patented internationally for the thickening and 

dewatering of sludges from wastewater treatment (Ren, Zhang et al. 2010; Tang and Lei 2011; 

Zhang, Wang et al. 2013), recycled paper processing sludge (Li 2008), water drainage 

(Hosobuchi and Oma 2003), aluminium processing (Showa Koji 1980) and general sludges 

(Traegner-Duehr and Boehm 1996; Yoshida 1999).  

A process for heat treatment of alum sludge from water treatment has been developed to 

improve the filtration efficiency for dewatering the sludge ((Stauffer 1973). The sludge from 

clarification settling tanks is heat conditioned at 200-230 °F for 20-60 min, cooled and 

dewatered. Filtration time was reduced to 1/8
th
 of that required without treatment. 

3.5.2 Evaporation 

Evaporative transformation of alum sludges are sometimes performed on-site at water 

treatment plants in addition to thickening and dewatering, with the aim of further reducing water 

content. They are a low cost treatment, although require lagoons or ponds to allow evaporation 

to occur.  

3.5.3 Alum sludge dewatering using freezing  

Freezing and thawing of sludge is reviewed by (Lin 1987). The freezing process results in water 

being removed from gelatinous aluminium hydroxide, changing the sludge characteristics to 

small, rapidly settling granular particles, with the final sludge volume substantially reduced. 

Natural freezing is described as a feasible dewatering method in cold weather conditions, 

although this method would have limited application in Australian conditions.  

The use of evaporative refrigerants or mechanical freezing devices for processing have been 

reported (Randall 1978; Martel, Affleck et al. 1996); however these approaches do not appear 

to have resulted in commercial application. The electrical cost of operation of a freezing device 

developed by Martel, Affleck et al. (1996) was estimated to be US$0.004 per m
3
, which was 

relatively small compared to the estimated total cost of water treatment of US$0.25 to US$0.50 

per m
3
.  
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Japan Organo Co. (1980) developed a processes for recovery of aluminium sulfate (Al2(SO4)3) 

from sludge where Al2(SO4)3 is recovered from sludge containing aluminium hydroxide 

(Al(OH)3) and aluminium phosphate by freezing-thawing, dewatering, mixing with ≤80% sulfuric 

acid (H2SO4), mixing with water to form Al2(SO4)3, adding iron salt, adjusting pH to 1.5-3, and 

separating iron phosphate.  Thus, Al2(SO4)3 solution containing aluminium (1.5%), iron (0.3%), 

and phosphate (0.3%) was obtained from dewatered sludge containing aluminium oxide 

(25.05%) and phosphorus pentoxide (7.34%).  Al recovery was predicted to be 95%.  

Japan Organo Co. (1980) also patented a similar technique for the recovery of Al2(SO4)3 from 

sludge which involves recovering Al2(SO4)3 from sludge containing Al(OH)3 by the following 

steps.  After freezing and melting, the sludge is dewatered and a claylike material is prepared 

from the dewatered sludge by addition of concentrated H2SO4 (≥80%).  The mixture is agitated, 

the Al2(SO4)3 is leached with water, and the residue removed.  Thus, 1.2 and 1.3% Al2(SO4)3 

solutions were obtained from sludge in a water purification plant by leaching the clay-like 

material formed with 80 and 98% H2SO4, respectively.  

3.5.4 Heat treatment of sludge for conditioning 

Yuan and Liu (2008) developed a method for processing and recycling Al(OH)3 containing 

industrial sludge solid waste. The method involves incrementally increased heating of the 

sludge from 120-150°C up to 1,050-1,150°C for a total of approximately 40 hours. The method 

is related to processes developed for producing clay sintered bricks (Yuan 2008). 

3.5.5 Lime amendment 

Several processes have been developed for mixing alum sludge with other sludges containing 

lime. Yang, Zhao et al. (2006) demonstrated that raising pH reduces the capacity for alum 

sludge to adsorb phosphate, although the purpose for lime amendment primarily appears to be 

neutralisation following acidification. 

Rojansch, Cornea et al. (1991) developed a process for the treatment of industrial wastewater 

and recovery of coagulation reagent.  During reclamation of industrial wastewater by 

coagulation, sludge (moisture content 97-99%) is acidified and subjected to additional 

decantation for 1 hour.  The separated sludge (moisture content 93-95%) is treated for 10 to 30 

minutes with 96% H2SO4 and agitated with air.  Once the pH of 3-3.2 is attained, the mixture is 

decanted for approximately 1 hour.  The supernatant containing approximately the initial 

amount of Al2(SO4)3 coagulant is recycled.  The acid sludge is treated with 1% lime water with 

stirring until the pH value is neutral and decanted.  The supernatant is recycled, and the sludge 

is withdrawn and used as a filler, landfill, or soil amendment.  

Melich (1981) developed a method for the treatment of spent aluminium-containing sludge in a 

water-treatment plant. Sludges from coagulation with Al2(SO4)3 in drinking water preparation 

are separated, concentrated to a dry weight of 0.5-4 g/L, treated with calcium hydroxide, and 

allowed to settle.  The supernatant solution is mixed with fresh Al2(SO4)3, and recycled into the 

water clarification process.  

Fulton (1976) developed a process for alum recovery and waste disposal in water treatment.  

The sludge from water treatment with Al2(SO4)3 is acidified with H2SO4 and filtered through a 

filter press, and the Al2(SO4)3-containing filtrate is recycled to the treatment plant.  The acid 

cake is neutralized with lime and discarded.  When impurities build up to an unacceptable level 

in the recycled Al2(SO4)3, lime is added, the mixture filtered, the filtrate returned to the raw 

water, and the cake discarded.  The process is then repeated.  
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Nikolaeva (2013) developed a method for the use of sludge formed at water treatment plants as 

a sorbent for treatment of thermal power plant flue gases. The sorbent is prepared from sludge 

from combined coagulation and lime treatment of water at thermal power plants.  The sludge 

has the chemical composition of calcium carbonate, magnesium oxide, magnesium hydroxide, 

silicon dioxide, iron hydroxide and aluminium hydroxide.  Dried sludge with a moisture content 

of 20% is used.  A fraction of the sludge with particle diameter of 0.9-1.4 mm is used for 

treatment of nitrogen oxides and a fraction with particle diameter of 0.1-0.2 mm is used for 

treatment of sulfur oxides.  The sorbent provides treatment to maximise allowable 

concentrations of nitrogen dioxide and sulfur dioxide in flue gases of thermal power plants.  

Nikolaeva, Sotnikov et al. (2012) developed a method for the use of sludge formed at water 

treatment plants of thermal power plants as sorbent for the biological treatment of wastewater.  

A sludge formed during lime treatment and coagulation of raw water at a water treatment plant 

of a thermal power plant containing calcium carbonate, magnesium oxide, magnesium 

hydroxide, iron hydroxide, silicon dioxide and aluminium hydroxide, is used as a sorbent for the 

biological treatment of industrial wastewater.  The sludge is used in an amount ranging 

between 300 to 900 g/dm
3
 of the total volume of wastewater.  The use of the sludge increases 

the effect of dephosphorization of wastewater and deamination, and reduces the biological 

oxygen demand, and the concentration of suspended substances.  

3.5.6 Alum recovery using acid digestion 

Alum recovery can be accomplished by acidification with H2SO4. In simplified form, the alum 

reaction is described by Crittenden et al (2012) as follows: 

2𝐴𝑙(𝑂𝐻)3 + 3𝐻2𝑆𝑂4  →  𝐴𝑙2(𝑆𝑂4)3 + 6𝐻2𝑂  

 

The hydrated reaction is described by Sengupta et al (1997) as follows: 

2𝐴𝑙(𝑂𝐻)3 ∙ 3𝐻2𝑂 + 3𝐻2𝑆𝑂4 + 2𝐻2𝑂 →  𝐴𝑙2(𝑆𝑂4)3 ∙ 14𝐻2𝑂  

 

Efficient recovery of alum (greater than 80 percent) has been reported in several studies; with 

the modification of pH being the primary parameter determining recovery.  

The acid digestion process is a non-selective means of recovering alum. Consequently, heavy 

metals, manganese, and other organic compounds are co-recovered, and can also be found in 

recovered alum. As described by Prakash and SenGupta (2009), acid digestion recovers alum 

along with all other substances which are soluble under highly acidic conditions or that exist as 

colloids. Additionally, natural organic matter such as humates and fulvates will be recovered 

with alum, which if re-used as a coagulant for water treatment then has the potential for 

significantly increasing trihalomethane formation. Such co-recovery problems can be 

remediated by a range of selective alum recovery processes, although this adds to the cost and 

complexity of re-use. 

Bustamante and Waite (1996) describe low “coagulant activity” of alum recovered using 

acidification, as a result of the presence of organic matter simultaneously leached with the 

aluminium. A variety of methods for the removal of organic matter were investigated, including 

anion exchange, use of selective adsorbants, selective precipitation by polyelectrolytes, and 

hydrogen peroxide enhanced oxidation.  

Recovery with hydrochloric acid has also been described (King, Chen et al. 1975). However, it 

was noted that this process presented no advantage over sulfuric acid conversion, and was 

considerably more expensive, and so was not further pursued. 
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Acid digestion for alum recovery is notable in that it has historically been implemented as full 

scale schemes in several water treatment plants in the US and Japan. The experiences of such 

activities are clearly relevant for future alum recovery efforts, and so available information about 

these schemes is summarised below. 

Many examples of alum recovery are provided by Cornwell (1987), in a review of plant waste 

management practices. The described techniques include drying and acidification of alum 

sludges, with additional processes applied to increase reclamation efficiencies and reduced 

operating costs. Alkaline treatments of sludges were initially examined, however these were 

found to have unsatisfactory recovery. Two US plants were described as utilising coagulant 

recovery, in Richmond County and Montgomery County, both in North Carolina. Both plants 

were described as utilising the thickening of sludge, followed by the addition of sulfuric acid in a 

reactor, followed by the addition of polymer and subsequent vacuum drying beds to dewater 

the solids and separate the reclaimed alum. The efficiency of recovered alum was cited as 

approximately 94% in detailed testing.  

Saunders (1991) examined acid or alkali addition to alum sludges, for the objectives of sludge 

conditioning (improvement of handling characteristics) and of coagulant recovery. This study 

reviewed literature on acid and alkaline extraction of aluminium hydroxide suspensions, and 

operational data from existing coagulant recovery operations in one American and multiple 

Japanese plants. It was concluded that the most successful extraction operations at that time 

had been conducted with acids, particularly sulfuric acid. The presence of contaminants in 

recovered coagulants was regarded as of continuing concern, although operational data had 

not identified any major problems which could not be addressed.  

The economic viability of coagulant recovery using acid treatment was also examined in 

operational systems by Saunders (1991). Several treatment plant-specific issues were 

described which affected economic viability; particularly source water composition, relative 

coagulant dose, sludge treatment and disposal costs, and regulatory restrictions on finished 

water quality and sludge disposal. Alum recovery practices were found to be economical from 

the experiences at numerous American and Japanese treatment plants, although this was not 

described in a quantitative manner. A more detailed economic analysis was described for alum 

recovery based on a pilot-scale evaluation at Spartanburg, SC. This evaluation found an 

increased annual cost of 1.6% for solids handling associated with the use of a coagulant 

recovery system, and consequently the system was not recommended for full-scale installation. 

The coagulant recovery systems in all cases were examined against other solids handling 

systems, with the results indicating that as solids production increases, the relative economic 

effectiveness of coagulant recovery increases.  

Of note was the description of an alum recovery operation at a Jersey City NJ water treatment 

plant which was never made operational. The coagulant recovery system was fully designed 

and constructed, with all components operational except for the sulfuric acid storage and 

addition. The coagulant recovery system was never put into operation due to problems with the 

acid storage system, and was not certified by the design engineers for operation due to 

problems encountered in initial start-up, and the system was never put into operation or tested 

at the full-scale level. 

Cornwell, Bailey et al. (1993) report on a full-scale alum recovery process at the Williams water 

treatment plant in Durham, NC; this is summarised by Cornwell (2006). The plant produced 

approximately 1,800 kg per day of alum sludge, with peak production approximately twice this 

rate. H2SO4 was added to thickened sludge to dissolve aluminium, which was subsequently 
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recovered via decanting. Benefits were described through the reuse of alum and through 

reduction of sludge volumes for subsequent dewatering.  

Verrelli (2008) cites concerns about hidden equipment maintenance and corrosion costs in acid 

leached recovered alum. Such details are unlikely to be described in the technical literature, but 

may be highly relevant to the ongoing use of recovery practices. 

Many examples of alum recovery by acid digestion are described in the patent literature. These 

provide potential approaches which could be further examined, and so available examples are 

described further below. 

Tanaka (2000) developed a recycling method for spent coagulant in water treatment.  The 

method comprises adding H2SO4 or hydrochloric acid (HCl) into spent aluminium-series 

coagulant (especially, alum) from water treatment to adjust its pH to 4 or less and preferably 

3.0-3.7.  Al-containing agglomerates are contacted with an oily viscoelastic substance (e,g., 

asphalt) to strip solid matters, precipitating and filtering to separate the solid matter, and then 

recovering mother liquor useful as the coagulant.  The methide reduces operation cost and the 

consumption of inorganic acid.  

Sandoval (2002) developed a process for the treatment of water purification sludges and 

coagulant recovery and disposal.  Water purification sludges containing solids and aluminium 

hydroxide from coagulation with aluminium salts are thickened by gravity filtration to remove a 

large portion of the water, which is recycled to the process.  The remaining sludge is treated 

with a conditioner such as a polymer to improve dewatering in a flocculation-sedimentation 

application.  The final sludge is neutralized with sulfuric acid and centrifuged to recover 

aluminium sulfate 80-90%.  

Motomura, Oyamoto et al. (1976) developed a method for the recovery of flocculant used for 

waste water treatment.  Al(OH)3-containing sludge from flocculation treatment of waste water 

with Al salt flocculant is fired, mixed with diluted H2SO4 in a SO4
2-

/Al + Ca (in fired ash) mol ratio 

of 1-2, and heated to recovery the Al flocculant.  Thus, waste water (pH 7.0, COD 430ppm) 

from kraft pulp bleaching was mixed with 120ppm Al2(SO4)3 and 150ppm Ca(OH)2, adjusted to 

pH 6.0, mixed with 3mL of a solution containing 0.1% polymeric flocculation aid, agitated for 5 

min, settled, and filtered.  The resulting sludge was further dewatered in a drier, fired at 600° for 

5 h, mixed with 5% H2SO4 in a SO4
2-

/Al + Ca mol ratio of 2, agitated in a constant temperature 

bath at 20° for 30 min, and the Al concentration measured in the resulting solution  The Al 

recovery was ∼90%.  

Kajino and Fukuda (2012) developed a method for manufacturing of aluminium sulfate from 

aluminium hydroxide sludge.  The title Al2(SO4)3 is manufactured from a recovered Al(OH)3 

sludge containing organic substances and inorganic oxides as impurities obtained by treating 

Al-containing effluents by reacting with H2SO4, wherein the manufacturing process comprises a 

step for controlling pH to ≤1.5 and a salting-out step to remove the impurities.  Also claimed is 

the manufacturing process comprising the pH control step, the salting-out step, and a 

gasification-evaporation step to remove the impurities.  The manufacturing process, especially 

suitable for treating etching effluents of Al foils, removes the impurities with high efficiency.  

Suzuki and Takahashi (2007) developed a method to recover aluminium hydroxide from 

aluminium containing waste solution. The method has processes of fractionating Al-containing 

H2SO4 waste solution, generated in surface treatment process of Al or Al alloys, into H2SO4 

solution and H2SO4-containing Al2(SO4)3 residues; adding the residues in a NaOH-containing 

neutralization tank to bring the pH at 12; heating the neutralized solution at 55-75°, quant. 

dispersing the residues for ≥ 15 min. of neutralization (pH = 12-6) to obtain neutral slurry; and 



 

GHD | Report for Smart Water Fund - 10OS-42 Alum Sludge Reuse Investigation, 23/14907 | 33 

dewatering the slurry. The method produces high-quality Al(OH)3 sludge having low water 

content.  

Babu, Alimbe et al. (2007) developed a process facilitating the recovery of pharmaceutical-

grade aluminium hydroxide from aluminium chloride-containing wastewater.  Pharmaceutical-

grade aluminium hydroxide is recovered from aluminium chloride-containing wastewater from a 

Friedel-Craft reaction by (a) adding sulfuric acid to the waste stream containing AlCl3, HCl, and 

organic impurities to obtain an aluminium sulfate solution, (b) treating the solution with sulfates 

to obtain a solution A, (c) cooling solution A to <20° to obtain pure crystals of a double salt 

which is centrifuged and washed thereby transferring HCl and other impurities into the mother 

liquors, (d) evaporating the mother liquors and recycling the resultant residue, (e) dissolving the 

washed crystals of the double salt in water and treating with an alkaline gas or solution to 

precipitate aluminium hydroxide which is filtered, washed with water, and dried, and (f) 

recycling the filtered mother liquors from step (e) to the process.  HCl gas is evaporated and 

recovered as HCl solutions from the mother liquors.  The sulfate in step (b) can be ammonium 

or potassium sulfate.  

Makhijani and Behera (2007) developed an integrated plant for treatment of raw water using 

discarded sludges to produce drinking water. An integrated plant for the treatment of raw water 

includes (i) a sedimentation tank having an inlet for the introduction of raw water (ii) an outlet of 

the sedimentation tank connected to an inlet of a clarifier, (iii) an inlet of the clarifier also 

connected to a coagulating agent source, such as alum, and to a sludge reaction product liquid 

tank, (iv) a sludge reagent reaction chamber having an inlet for receiving the sludge of the 

clarifier and a sludge reagent, such as an acid, (v) a reaction chamber having a settling 

chamber to cause separation of the sludge reaction product liquid from the sludge reaction 

product solid, and an outlet of the settling chamber connected to the tank.  

Hwang (2004) developed a method for recovering aluminium coagulant from waterworks 

sludge by acidic extraction and reuse of sludge cake as a daily landfill cover soil. The method 

comprises extracting aluminium and other metals existing in the waterworks sludge by treating 

the sludge with H2SO4; separating filtrate containing aluminium and acidified thickened sludge 

from the waterworks sludge by separating filtering the water treatment sludge; extracting 

aluminium ions the filtrate by using extractant of mono- and di-ethylhexyl phosphate; recycling 

recovered aluminium as an alum coagulant in the water treatment process by regenerating Al 

from Al2(SO4)3 using H2SO4; manufacturing dewatered cake by treating waste slaked lime onto 

acidified thickened sludge separated in the separation step so that the thickened sludge is 

neutralized, and dewatering the neutralized thickened sludge; and recycling the obtained 

dewatered cake as a landfill cover soil.  The thickened sludge can be useful as substitute 

landfill cover soil after separating filtrate and thickened sludge from sludge generated from 

water treatment.  

Gu (2004) developed a method for recovering flocculant from aluminium-containing sludge.  

The title method includes the following steps: (1) put the sludge in a reaction tank, (2) add 

concentrated sulfuric acid into the sludge with stirring to adjust the pH to 3-5, (3) separate the 

liquid and solid phase.  The liquid phase separated is flocculant for wastewater treatment.  The 

solid sludge can be modified and undergoes following treatment, such as deposition and 

incineration.  

Kim (1998) developed a process of aluminium recovery from the sludge.  The process for 

recovering aluminium included in sludge is provided, which is characterized in that acid solution 

and an extractant are used for recovering pure aluminium in process for disposing wastewater.  

The process is composed of three steps, acidification of sludge, a usage of the extractant, and 
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recovering process of aluminium.  At first, stored water in the concentration tank is discharged, 

sulfuric acid at 96% which is supplied from storage space(40) is mixed with the sludge.  Then, 

remained water is discharged after precipitation reaction.  At the second process, the 

extractant, diethyl-heptyl phosphoric acid (MOEHPA), is added to the sludge, and fixed for a 

while.  Sludge which cannot be extracted is filtered by activated carbon, and acidified by 

sulfuric acid again.  At the third process, extracted aluminium is recovered to pure aluminium in 

state of aluminium sulfate, and the extract can be recycled.  

Kato (1998) developed a method for water treatment by coagulation and adsorption with 

recovering aluminium.  The method is carried out by adding aluminium coagulant in the water 

to be treated for coagulation, solid-liquid separation to obtain clear water and a sludge 

containing aluminium, contacting the clear water with activated carbon for adsorption to obtain 

treated water, adding acid to the sludge to adjust pH to ≤3; then solid-liquid separation to obtain 

aluminium-dissolved liquid, followed by contacting the liquid with spent activated carbon (from 

previous adsorption) for recovering aluminium.  

Morita, Egami et al. (1997) developed a method for the treatment of waste solutions in 

manufacturing facilities of aluminium products.  The method is carried out by adding aluminium 

coagulant in the water to be treated for coagulation, solid-liquid separation to obtain clear water 

and a sludge containing aluminium, contacting the clear water with activated carbon for 

adsorption to obtain treated water, adding acid to the sludge to adjust pH to ≤3; then solid-liquid 

separation to obtain aluminium-dissolved liquid, followed by contacting the liquid with spent 

activated carbon (from previous adsorption) for recovering aluminium.  

Cornwell (1981) developed a method for the extraction of metal ions.  To extract metal ions 

from an aqueous slurry containing a floc of a water-insoluble compound of the metal (e.g., 

water or wastewater treatment sludges), the slurry is contacted with an organic solvent stream 

comprising an acidic cationic extractant dissolved in an organic diluent which is water-

immiscible in a rotary contactor.  The aqueous phase and the organic phase pass through the 

contactor in discrete phases and, during their passage, are gently intermingled.  The 2 phases 

are separately discharged from the contactor.  The organic solvent is stripped of the metal ions, 

is regenerated, and is recycled.  The raffinate is separated into solids, liquid, and a 3rd phase 

which is treated for recovery of entrained organic solvent.  Thus, an Al(OH)3-containing sludge 

from water treatment (pH 5) was treated using, as the organic solvent, naphtha containing 20 

vol.% of a mixture containing bis(2-ethylhexyl) phosphate  [298-07-7] 60, mono(2-ethylhexyl) 

phosphate  [1070-03-7] 40, and Bu3PO4 2%.  The aluminium ion removal in the extration circuit 

was >90%.  The stripping agent used was 6N H2SO4, resulting in a recovered liquid alum 

solution containing 44,000 mg Al3+/L.  

Melich (1979) developed a process to facilitate the recovery of aluminium-containing 

components of spent waterhouse sludges.  Partially dehydrated sludges from the clarification of 

drinking water were treated with H2SO4 or oleum, then stirred with water, and the undissolved 

C-containing sorbents filtered or sedimented.  The filtrate containing mainly Al2(SO4)3 with 

lesser amounts of MnSO4, CaSO4, MgSO4, FeSO4, Ca3(PO4)2, Fe2(SO4)3 and (NH4)2SO was 

recycled for use in the coagulation treatment of water.  

Nakayama, Saeki et al. (1978) pioneered a method for the treatment of wastewater sludge.  An 

Al compound containing sludge from flocculation treatment of wastewater with an Al-system 

flocculant, e.g., Al2(SO4)3, is acidified with H2SO4 to pH 1.0-4.0, and filtered to separate an 

Al(OH)3-containing solution, which is recycled to the flocculation process.  

Mikami, Takei et al. (1975) developed a method for the treatment of sludges containing 

aluminium and aluminium alloy.  The sludges obtained during the neutralization of waste 
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solution from the surface treatment of Al or Al alloys are mixed with 0.7-1.1 equivalent (with 

respect to Al) of H2SO4; after separation of the insoluble portion, concentrated. H2SO4 is added 

to the solution to make a final solution containing <40% free H2SO4; the solution was further 

treated at 40-65° to prepare a saturated. Al2(SO4)3 (I) [] solution  Hexagonal planar I seed 

crystal is then added to the I saturated solution to crystallized I as a very pure hexagonal planar 

crystal.  Thus, 25 kg sludge containing Al 3.29, Fe 0.03, Si 0.87, Na 0.07, and H2O 87% was 

mixed with 2.5 l. concentrated H2SO4 for 1 hour and the mixture was centrifuged to obtain a 25 

l. solution containing Al 31.61, Fe 0.18, and total H2SO4 169.42 g/l.  To this solution was added 

concentrated H2SO4 to make a solution containing Al 33.25 and free H2SO4 360.2 g/l., 2.5 kg 

hexagonal planar I crystal was added at 53° and then the temperature was decreased to 25° at 

a rate of 5°/hour to obtain 10.1 kg hexagonal planar I crystal (Al 7.83, total H2SO4 44.63, Fe 

0.01%) and 19.4 l. liquid (Al 12.25, free H2SO4 429 g/l.). 

Endo and Nojima (1974) developed a process for the purification of waste water and aluminium 

compound coagulant and its recovery.  In purification of waste water by coagulative 

precipitation with an Al compound. coagulant, the coagulant is effectively recovered from the 

waste water sludge by adding an acid or alkali to the sludge and oxidizing.  The preferred 

amount of acid or alkali is such that the pH of the sludge after oxidation should be <1.5 or >9.0.  

Within the above pH range, the Al compound coagulant dissolves in acidic or alkali water, thus 

easily separating from the sludge.  Thus, 500 ppm (as Al2O3) Al2(SO4)3 with 1 ppm a polymeric 

coagulant was added to waste water (COD 400 ppm), from the pulp-manufacturing process.  

After mixing, the waste water was concentrated by screening with a 100-mesh wire to obtain 

sludge containing 95% water.  After adjusting the pH with H2SO4 to 1.2, the sludge was 

oxidized by treating with air at 175-250° and 30-50 kg/cm
2
 for 60 min and dewatered to recover 

87.2% (as Al) Al2(SO4)3.  

Siebert and Ziegenbalg (1973) patented a method for recovering iron-poor aluminium 

compounds by sulfuric acid treatment.  Al2(SO4)3 solutions with ≤0.05% Fe (based on Al2O3) 

are recovered from SiO2-containing Al clays, etc. (which were precalcined, e.g. at 750°, or 

otherwise pre-treated to make the Al2O3 sol.) by leaching in a 3-stage process.  In the 1st step 

the pre-treated clay is mixed with ∼65% of the stoichiometric amount of 40% H2SO4 at approx. 

the b.p.  The sludge is diluted with an equal amount of water, an oxidizing agent in excess over 

the amount to oxidize Fe
2+

 to Fe
3+

 in combination with K2SO4 is added, and the mixture is 

stirred 12-18 hr at <90°, whereupon the dissolved Fe (based on dissolved Al2O3) is ≤0.05%, 

and the sludge filtered.  The filtrate contains ∼60% of the original Al2O3.  The residue is treated 

with 90-110% of the stoichiometric amount of 30-40% H2SO4, again at approx. the b.p., the 

slurry is filtered, the residue discarded after washing, the filtrate neutralized to pH >2.5 with 

additional Pre-treated clay, diluted with water, and treated with the oxidizing agent-K2SO4 

mixture, stirred, and filtered as in the 1st step.  The residue which contains Fe from both clay 

additions.is again treated with hot acid, stirred, neutralized with additional clay, etc. as in the 

2nd step.  The average recovery in a 3-stage process is ∼75%, e.g. 60% in the 1st step and 

82% in the 2nd and 3rd steps.  

Nikaido, Hanahata et al. (1973) developed a method of separating flocculant from aluminium 

sludge.  Al sludge is treated with an acid and an Al-containing solution prepared in the process.  

An Al2(SO4)3 solution containing 6.56 ± 0.5% Al2O3 as a flocculant could be continuously (932.7 

kg/hr) prepared when Al sludge containing 8.17% Al2O3 (1000 kg/hr) was treated with H2SO4 

(244.2 kg/hr) and some recycled Al2(SO4)3 solution (311.5 kg/hr).  

Shen, Xu et al. (2013) developed a resource utilization process for polynuclear aluminium-

polyaluminium silicate phosphate chloride residue in water treatment.  Provided is a resource 

use process for polynuclear Al-polyaluminium silicate phosphate chloride residue, which 
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recovers the active component of the residue and directly reuses the residue to the production 

of coagulant polynuclear Al-polyaluminium silicate phosphate chloride in the case of not adding 

reaction equipment and other raw material.  The resource use process includes adding 

industrial synthetic HCl into a reaction vessel, adding P ore powder and Al hydroxide under 

continuously stirring, steam heating for reacting at 80-110° for 2-5 h, and cooling the reaction 

solution to 50-70°C; and under continuous stirring state, adding residue and Ca aluminate 

powder, adding H2O while controlling flow rate so as to control the solution temperature at 80-

100°C, the total H2O amount excluding that equivalent to steam amount, reacting for 2-3 h, 

performing liquid-residue sepn., packaging the product liquid and warehousing, and returning 

the residue back to the production system for reaction.  The process is simple, has high 

recovery rate of active component of residue, and can reduce production cost, and decrease 

environment protection pressure.  

Hwang (2004) developed a method for recovering alum coagulant from water treatment sludge 

by acidic extraction that also produces sludge cake that can be reused as a daily landfill cover 

soil. Dewatered sludge cake is manufactured by treating waste slaked lime onto acidified 

thickened sludge from the alum recovery process so that the thickened sludge is neutralized, 

and dewatering the neutralized thickened sludge; and recycling the obtained dewatered cake 

as a landfill cover soil.   

Pan, Tian et al. (2010) developed a sludge processing and reuse method for municipal 

wastewater treatment sludge. The process includes the dewatering, drying and charring, and 

activation of the chemical coagulant (aluminium or ferric salts) through acidification.  

Dienstmann, Novais et al. (2009) developed a process for the recovery of aluminium sulfate 

and other aluminium compounds from industrial wastewater treatment sludge using hot amide 

acid.  

3.5.7 Alum recovery with alkaline treatment 

The potential for alum recovery using alkaline leaching is examined in relatively few references 

in the scientific literature. Available examples include Bustamante and Waite (1996), who 

describe the recovery of soluble aluminium (as aluminate) obtained by alkaline leaching of 

sludge; and Prakash and SenGupta (2009), who note that an alkaline digestion process would 

non-selectively recover DOC along with alum, and so present a problem with the potential 

formation of trihalomethanes.  

Alum recovery processes using alkaline leaching are also described in the patent literature, 

with available examples summarised below. 

Peng, Peng et al. (2010) developed a process for recovery of mud containing Cr and Al with 

alkaline method.  The process comprises: (a) adding water to mud containing Cr and Al, 

beating, delivering to a reactor, adding NaOH or Na2S under stirring until pH ≥10.8, controlling 

the slurry temperature at 90-120°C; (b) gradually adding reductant to the above alkaline 

solution; (c) heating to boil, holding at the temperature for 10-30 minutes, filtering to obtain filter 

cake, feeding the filtrate back to step (a); (d) repeatedly washing the filter cake with more than 

50°C hot water; (e) adding the washed filter cake to a reactor, adding inorganic acid to 

neutralize, controlling pH at 7-7.5, repeatedly washing with more than 50°C hot water, filtering, 

obtaining Cr(OH)3 filter cake; (f) adding inorganic acid to the filtrate from step (e), controlling pH 

≤3.0, filtering, obtaining sulfur filter cake, decolorizing the filtrate, neutralizing with NaOH, 

controlling pH at 6.7-7.0, forming white sediment, boiling and holding at the temperature for 10-

30 minutes, filtering, washing, drying to obtain aluminium hydroxide product.  The inorganic 

acid is sulfuric acid, HCl or nitric acid.  The reductant is sulfur powder with size of 150-325 
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mesh or alkali sulfide.  The sodium hydroxide can be replaced by sodium carbonate, sodium 

bicarbonate, ammonia water, ammonium carbonate or ammonium bicarbonate.  The invention 

has the advantages of no need for consuming a lot of energy, no three wastes discharge, low 

labor strength, easy control of process, complete recovery of Cr and Al, and high production 

efficiency.  

Kato (2002) developed a method for recovery and recycling of coagulant used in treatment of 

industrial wastewaters containing phosphorus.  The title method comprises dosing wastewaters 

containing PO4
3-

-P with Al-series inorganic coagulant in a biological reaction tank, feeding the 

treated waters into a settling pond to separate excess sludges containing insoluble phosphates, 

adding NaOH into excess sludge to dissolve the phosphates and coagulant components, 

passing the treated sludge though a solid-liquid separator, dosing the liquid fraction with Ca 

compounds or Mg compounds to recover P from the treated sludge, and then recirculating 

residual liquid containing coagulant components into the aeration tank of sewage treatment 

facility.  The method reduces coagulant consumption and prevents formation of excess 

sludges.  

Shitara (2000) developed a method and device for reducing insoluble aluminium compound in 

wastewater treatment system with recovery of aluminium compound as coagulant.  The method 

is carried out by adding carbonate salt into a F-containing wastewater treatment sludge having 

Al compound; ionic Ca; and F and/or P with regulation of pH at 8-9.5 for dissolving aluminium 

compound, then regulation of pH at 10-12.5 for recovery of aluminium compound. 

Kato and Hayashi (1999) developed a method of treatment of aluminium-containing sludge for 

recovery of aluminium hydroxide.  The method comprises: (1) dissolving Al in the sludge with 

the addition of an alkali (e.g. NaOH), (2) flocculating with the addition of a flocculant, (3) 

separating the liquid from the solid, (4) neutralizing the filtrate to produce Al(OH)3, (5) adding a 

flocculant to the solution for flocculation of Al(OH)3 precipitants and (6) filtrating to obtain 

Al(OH)3.  

Sage and Hobbs (1982) developed an improved physical-chemical waste sludge treatment 

method and apparatus.  The apparatus and a method (requiring 45 min) are described for 

processing sludges (0.7-3.0% dry solids) from biological or physio-chemical treatment of 

sewage to give decontaminated and detoxified effluents and filter cakes containing 20-35% dry 

solids for direct sanitary disposal.  The clear effluents, containing NaCl and CaCl2 and no N 

compounds, can be recycled, but not as potable water.  The apparatus adequately mixes 

sludges and chemical additives without agitating them enough to break down the flocs.  Thus, 

780 gal digested sludge was mixed with Ca(ClO)2 (biocide) 0.6, alum (coagulant) 0.46, a high-

mol.-wt. organic polymer flocculant 0.1, and Celite diatomaceous earth (filter aid) 23 g/L in the 

reaction tank.  A low-shear pump transferred the large flocs, without breakage, to a filter unit.  

Here the suspension was dewatered to an effluent and a filter cake with 21.0% dry solids and 

having the consistency of wet sand.  Both the effluent and filter cake were decontaminated and 

detoxified for disposal.  

Kono, Takamura et al. (1978) developed a process for the reforming of aluminium hydroxide 

gel.  Acidic waste solution from anodic oxidation of Al is treated with a basic waste solution 

from etching Al.  The Al(OH)3 slurry formed is dissolved or dispersed in the basic waste solution 

to give a solution containing NaOH 50-60 and Al 15-20 g/L and crystallised Al(OoH)3 seed is 

added to precipitate and separate the Al(OH3.  Thus, an etching solution containing NaOH 56-

60 and Al 17-19 g/L was mixed with a sludge containing 3% Al(OH)3 to give a solution 

containing NaOH and Al2O3 17-18 Ng/L.  A suspension of gibbsite 20 g was added and a 
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solution containing NaOH 51-5 and Al2O3 8.1-8.5 g/L at 50-60° with stirring in a vessel, and the 

slurry from the bottom was centrifuged to give crystallised Al(OH)3 containing 10-20% water. 

Haviland (1975) developed a process for reclaiming industrial waste water and eliminating 

pollution.  A process for removing metal compound contaminants from industrial waste water is 

described.  Precipitating agents such as NaOH [1310-73-2], Ca(OH)2, Na2CO3, Separan and 

Primalfoc are good coagulants.  The sludge is separated from the supernatant liquid and 

transferred to a centrifuge and the concentrated metals can be recovered by electrolysis or 

converted into useful products.  For example, Al(OH)3 was precipitated from waste water by 

addition of NaOH, removed by centrifugation, the sludge dissolved in H2SO4 to produce an 

Al2(SO4)3 solution, useful in paper and leather manufacturing and in phosphate removal in 

waste treatment plants.  

Saho, Isogami et al. (2004) developed a method and apparatus for wastewater treatment 

including regeneration of used coagulant.  Conventional purification apparatuses and operation 

methods therefor require continuous addition of coagulants as expendables in every operation, 

and the coagulants are expensive, thereby causing increase in operation cost, and furthermore, 

the operators have to convey and resupply the coagulant at regular intervals which further 

increases the operation cost owing to the personnel cost to be increased accordingly.  The 

invention provides a purification apparatus and an operation method therefore, for coagulating 

and separating particularly the pollutant matter in seawater including oil and the like, which can 

regenerate and reuse the coagulant within the apparatus, without scarcely resupplying the 

coagulant and acid/alkali solutions.  For disintegrating coagulated flocs and regenerating the 

coagulant from the sludge, a strong alkali solution and a strong acid solution are required.  

According to the invention, an alkali water enriched in sodium hydroxide and an acidic aqueous 

solution containing hydrochloric acid and the like are generated by electrolyzing seawater and 

collecting sodium ion and chloride ion resp. in the cathode and anode sections, and also by 

including hydroxide ion and hydrogen ion in seawater; the flocs in the sludge are disintegrated 

by use of the alkali water; pollutant matter is removed from the aqueous solution subjected to 

disintegration; and the strongly acidic solution containing hydrochloric acid is added to the 

acidic solution from which pollutant matter has been separated and removed, and a ferric 

chloride aqueous solution is generated.  The ferric chloride aqueous solution is the coagulant, 

and thereby the coagulant can be regenerated from the recovered sludge. 

Han, Jung et al. (2001) patented a manufacturing method of polymer aluminium coagulant 

using waste aluminium chloride solution by addition of alkali.  

3.5.8 Alum recovery using reversible selective binding to resins 

The progressive development of techniques utilising selective binding resins for alum recovery 

is described in several publications, which are summarised below. 

Petruzzelli, Limoni et al. (1998) examined two commercially-available cation resins for the 

recovery of coagulants via an ion exchange process, and concluded that a weak cation 

(carboxylate) resin was preferable to a strong cation (sulfonic) resin for this purpose.  

Sengupta and Shi (1992) describe the use of composite polymeric membranes in which fine 

spherical chelating exchanger beads of ~100 µm in diameter are physically trapped in highly 

porous polytetrafluoroethylene (PTFE) membranes. The beads have a high affinity for 

aluminium molecules, and are applied in consecutive sorption and desorption steps in order to 

produce liquid alum. The selective nature of the process minimised carryover of organic 

materials and heavy metals. The membranes were used as a matrix for the beads and not for 

pressurised filtration, and so fouling was not reported. 
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The further development of this two-stage alum recovery process was described by SenGupta, 

Li et al. (1997). This involves the selective adsorption of dissolved aluminium onto composite 

materials, which are then withdrawn and introduced to a sulfuric acid solution. The composite 

materials were again small beads, but to facilitate transfer between steps they were not 

embedded in a membrane. The initial step was described as follows: 

Dissolution: 

𝐴𝑙(𝑂𝐻)3(𝑠) + 3𝐻+ ⇋  𝐴𝑙3+ + 3𝐻2𝑂  

 

Composite material uptake: 

3𝑅 − 𝐻 + 𝐴𝑙3+  ⇌  𝑅3 − 𝐴𝑙 + 3𝐻+ 

 

The R and the overbar denote the composite material or exchanger phase. This step 

selectively transfers aluminium from one solid phase (in sludge) to another (the composite 

material). 

The second step involves withdrawal of the composite material beads, and their transfer to a 

stirred tank containing 5-10% sulfuric acid. The beads are regenerated as described below: 

Regeneration (desorption): 

2𝑅3 − 𝐴𝑙 +  3𝐻2𝑆𝑂4  ⇌  6𝑅 − 𝐻 + 𝐴𝑙2(𝑆𝑂4)3 

 

One of the major goals of this two-step process was the reuse of the recovered alum as a 

coagulant in the same water treatment plant. Jar testing was performed using the source water 

for the treatment plant under investigation; the results of this testing indicated that the 

recovered alum performed more efficiently (required a lower dosage) than the commercial alum 

in use. The pH of the aqueous phase of the recovered alum was lower than that of commercial 

alum; it was hypothesised that this greater acidity resulted in more efficient destabilisation of 

colloidal particles during coagulation, resulting in enhanced turbidity removal. 

The potential for the carryover of organic material and of metals were examined. An intermittent 

rinsing step between the sorption and desorption steps demonstrated greatly reduced carryover 

of dissolved organic carbon into the recovered alum.  

An economic analysis of the alum recovery process was performed. At the time of writing, one 

treatment plant was recovering alum in the US; located in Durham, North Carolina. The cost 

figures from this plant were used, along with the assumptions that the capital investment was 

the same (aside from the cost of the composite material), and that all other operating expenses 

remained the same; these were regarded as conservative assumptions that over-estimated 

actual process costs. The costs were compared with those required for landfill disposal. Costs 

included Labour, Electricity, Haulage, Landfill, and Chemicals (acid, polymer and alum). The 

cost of the composite exchanger beads was insignificant when compared with the capital 

investment costs. Total operating costs per ton of sludge processed were estimated as 

US$257.30 for the two-step process, as compared with US$186.40 for the process of haulage 

and disposal to landfill. This analysis noted that sulfuric acid consumption was the single most 

expensive item for the recovery process, and that this cost could be substantially reduced by 

improving the recovery of the regeneration step; a proposed improvement to this step was also 

described. 
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SenGupta, Li et al. (2002) subsequently described the pilot scale implementation of the two-

stage alum recovery process; with the goals of testing the alum recovery process using 

residuals from different treatment plants, and of evaluating the economic viability of the 

process. The pilot setup was designed for treating one ton of sludge, and testing was carried 

out on sludges of distinctly different composition and characteristics from three treatment 

plants.  

The selective recovery process was able to readily recover >80% of the original alum in the 

tested sludges, with relatively low carryover of organic matter and heavy metals. Spiking of zinc 

and copper was performed in some runs to examine carryover of high concentrations of these 

metals; it was found that aluminium was selectively recovered and that the carryover of heavy 

metals was much lower. Jar testing indicated that the recovered alum performed as efficiently 

as commercial alum. Where a cationic polymer was present, due to use in one of the tested 

sludges as a coagulant aid in water treatment processing, an alum recovery reduction of up to 

70% was observed. This was attributed to reduced cationic exchange capacity of the composite 

beads, and no reduction was observed when anionic polymeric coagulant aids were present.  

A cost-benefit analysis was performed on the process applied to the sludge output of a water 

treatment plant, using scaled-up costs from the pilot-scale process. This analysis is 

summarised below. 

Daily output of sludge: Approximately 3,300 gallons (approximately 12.5 kL) 

The total annual cost of the alum recovery process was estimated as US$137,000, with 

components as follows: 

 Equipment cost to treat daily output: Approximately US$135,000. Estimated life time of 

10 years, calculated as a cost of US$17,500 per annum
2
 

 Composite bead costs to treat daily output: Approximately US$600. Estimated lifetime of 

5 years, calculated as a cost of US$140 per annum. 

 Annual operating costs for selective alum recovery: US$119,000 

o Operating cost from sulfuric acid consumption: Approximately US$48,000 per annum 

o Operating cost for remaining landfill disposal: Approximately US$12,000 per annum 

o Operating cost for labour: US$58,000 per annum 

o Operating cost for electricity: US$1,000 per annum 

The comparative cost of alum sludge disposal was estimated as $140,000 per annum, with 

components as follows: 

 Landfill fee: US$19,000 per annum (based on 1.75 ton per day, at US$30 per ton) 

 Fresh alum: US$63,000 (based on 220 kg alum per day, at US$0.78 per kg) 

 Labour: US$58,000 per annum (assumed same as for recovery process) 

The analysis suggested that the costs were similar between the two options examined. Further 

analysis was performed with increasing treatment plant capacity, in which the amount of benefit 

                                                      

2
 The EUAC (Equivalent Uniform Annual Cost) is calculated as 𝐸𝑈𝐴𝐶 = 𝑃

𝑖(1+𝑖)𝑛

(1+𝑖)𝑛−1
; where P is the 

present value of an initial investment, I is the annual interest (5% used here), and n is the lifetime of 
the asset. 
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increased. It was concluded that the process could be increasingly economically attractive 

when used with larger capacity plants.  

Madhav and Vasudeo (2009) developed a process for treatment of metal hydroxides containing 

alum sludge generated by clarification processes is disclosed.  The process involves mixing of 

a porous ion exchange resin with the alum sludge to recover Al ions for reconstituting the alum 

and thereby recycling the alum used in the process and reducing the loss of alum from water 

treatment plants.  

3.5.9 Alum recovery using semi-permeable ion exchange membranes 

Similarly to selective resins, the development of techniques using semi-permeable membranes 

for selective recovery of alum have also been described in the technical literature; these are 

summarised below. 

Prakash and SenGupta (2003) applied the Donnan Membrane Process (DMP) to coagulant 

recovery from alum sludge. DMP is driven by electrochemical potential gradient across a semi-

permeable ion exchange membrane, and is theoretically not susceptible to fouling by fine 

particulates or large organic molecules. A commercial ion exchange membrane Nafion 117 (Du 

Pont) was examined for alum recovery from sludge. At a laboratory scale, over 70% of alum 

was easily recoverable, with no observed decline in aluminium flux across the membrane after 

repeated usage, indicating membrane fouling was practically absent.  

The recovery of alum from sludge was further examined by Prakash et al (2004), comparing the 

Nafion 117 and Ionac 3470 membranes; these authors concluded that the Nafion 117 recovery 

was over three times greater under similar conditions. This selective recovery was performed in 

the presences of high concentrations of suspended solids and natural organic matter, factors 

such as high turbidity and DOC concentrations did not alter recovery rates or cause membrane 

fouling.  

Considerable detail about the theory of the DMP and the application of this method at a 

laboratory scale to an alum sludge is presented in Prakash and SenGupta (2009).  

3.5.10 Alum recovery using liquid ion exchange 

Cornwell, Cline et al. (1981) reported on a 0.63 L/s sludge flow liquid ion exchange alum 

recovery plant, tested in an operational water filtration plant. This process contacts the sludge 

with a solvent phase to extract aluminium, which is stripped following sulfuric acid addition. The 

operating costs for a full-scale system were estimated as being about the same as the value of 

the recovered alum. This approach does not appear to have subsequently been commercially 

applied. The process is described by Sengupta and Shi (1992) as operationally complex, with 

solvent carryover or entrainment into recovered alum as unavoidable without an additional 

treatment step.  

Sengupta and Prakash (2002) developed a process for selective coagulant recovery from water 

treatment plant sludge with Donnan ion exchange membranes.  Trivalent metal compound 

coagulants, especially alum, used in water treatment, are recovered from clarifier sludge 

(containing Al(OH)3 in the case of alum coagulant) by adjusting the pH of the sludge downward 

to produce an aqueous clarifier sludge solution, and contacting the aqueous clarifier sludge 

solution with one side of a semi-permeable cation exchange membrane while contacting the 

other side of the membrane with an acidic sweep solution  Because of the Donnan co-ion 

exclusion phenomenon, trivalent aluminium ions pass readily through the membrane, in 

preference to divalent and monovalent cations, and consequently heavy metal carryover is 

relatively low.  Organic matter carryover is substantially excluded, and consequently, the 
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recovered alum can be reused without the potential for trihalomethane formation.  The reactor 

is preferably in the form of a stack of spaced membranes, with the aqueous clarifier sludge 

solution and the acid sweep solution flowing through alternate spaces.  Recovery of the alum 

reduces the volume of disposable solids.  The process can also be used for recovery of ferric 

iron coagulants.  

Matsumoto, Kusakari et al. (1976) developed a method for the concentration of alum sulfate.  

An electrodialyzer is described that has 20 dilution chambers and 21 concentration chambers, 

with alternately arranged anion and cation exchange membranes, having an effective electric 

current-passing area of 5 dm
2
.  This equipment is used to concentrate Al2(SO4)3 from a H2SO4 

extract of sludge from the treatment of wastewater by coagulation.  Recovery was 88.8% as 

Al2O3.  

3.5.11 Purification of recovered alum using ultrafiltration 

Cornwell (2006) reports on a method developed by Lindsey and Tongkasame (1975), where 

alum reclaimed through residuals acidification is purified through the use of ultrafiltration (UF). 

This is a pressure-driven process; theoretically a treated residual under 138 to 415 kPa 

pressure should allow water and small aluminium molecules through a membrane, while 

rejecting larger colour molecules. Few results were reported on the process effectiveness, it 

was implied that the results were favourable, and concerns were raised as to whether the flux 

rate could be maintained at an acceptable level to be economical.  

Stendahl, Faerm et al. (2006) describe the REAL (REcovery of ALuminium) process for the 

treatment of alum sludge. This consists of four steps; including the acid dissolution of sludge, 

the removal of suspended solids and large molecules with an ultrafiltration membrane, the 

nanofiltration of the permeate to produce a retentate with increased aluminium concentrations, 

and finally the precipitation of potassium aluminium sulfate (potassium alum). Pilot-scale 

experiments of this process produced small quantities of this coagulant, with quality meeting 

European standards prEN878 for iron-free aluminium sulfate type 1. A greater quantity of 

potassium alum was purchased to enable its testing at a municipal water treatment works; 

water quality produced during this test run showed no difference to quality resulting from the 

usual coagulant. The pilot-scale results were used to estimate the annual costs for a full-scale 

operation at the treatment plant using the REAL process, which with depreciation over 10 years 

and interest resulted in an estimated capital cost of US$100,000 per annum and operating cost 

of US$85,800 per annum. The costs for new coagulant and disposal costs were unfortunately 

not presented, and so the financial benefits of implementation were not defined. 

Prakash and SenGupta (2009) note that ultrafiltration can be employed for alum recovery 

following acid digestion; although that the process is subject to fouling, decreased membrane 

life due to pressure differential, and a decrease in flux with continued deposition.  

Alum recovery processes using ultrafiltration are described in the patent literature, with 

available examples summarised below. 

Wang (2011) developed a method for joint production of K nitrate, Al nitrate and ferric nitrate 

using alum mud hydrolysis filtrate.  The title method comprises (1) placing alum slurry into 1st 

anticorrosive reactor(1), adding water 1-3 weight times of the alum slurry, thoroughly stirring, 

carrying out hydrolysis reactor to obtain mixed substance I containing K sulfate, Al sulfate and 

ferric sulfate, (2) filtering with 1st filter(2), (3) introducing the obtained filter cake for further 

processing, (4) introducing the obtained filtrate from the step 2 into 2nd anticorrosive reactor(3) 

with Ca nitrate, where the pure weight ratio of filtrate to Ca nitrate is 1:1.24-1.64, reacting under 

slowly stirring to generate mixture Al nitrate, K nitrate and ferric nitrate, (5) filtering the mixture II 
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with 2nd filter(4), embedding or incinerating the obtained impurities, and (6) carrying out 

vacuum distillation. of the filtrate obtained from step (5) in vacuum distiller to obtain saturated 

solution, and sequentially treating with 1st cooler(61), 1st washing centrifugal drying 

machine(62), 1st drier(63) and 1st pulverizer(64), 2nd cooler(71), 2nd washing centrifugal 

drying machine(72), 2nd drier(73) and 2nd pulverizer(74), 3rd cooler(81), 3rd washing 

centrifugal drying machine(82), 3rd drier(83) and 3rd pulverizer(84), resp. to obtain K nitrate 

crystal product(9), Al nitrate crystal product(10) and ferric nitrate crystal product(11).  The 

invention can completely eliminate slag, relieve environmental pollution caused by slag, 

produce valuable K nitrate, ferric nitrate and Al nitrate product, has marked social benefits and 

economic benefits, simple process and production device, and is a practical treatment and 

utilization method.  

Suzuki and Takahashi (2007) developed a method to recover aluminium hydroxide from 

aluminium containing waste solution. The method has processes of press fitting Al(OH)3 slurry, 

generated in neutralization process of Al2(SO4)3 and H2SO4 containing waste solution, in a filter 

press; washing the press fit slurry by 40-60° water; and squeezing the slurry.  The washing 

process is repeated until the filtrate condition becomes ≤ 2 mS/cm. The method produces high-

quality Al(OH)3 sludge having low water content.  

Ulmert, Jaefverstroem et al. (2005) developed a process for recovery of alum from wastewater 

treatment sludge.  Sludge from wastewater treatment containing precipitated. aluminium and/or 

iron hydroxide is treated by adding acid and subjecting it to at least one membrane filtration 

process, whereby a permeate or a concentrate is obtained, including trivalent aluminium and/or 

iron ions in solution.  The aluminium and/or iron ions in the permeate, or concentrate, are 

crystallised (salting out) in a precipitation step which includes alkalization using KOH, NaOH, 

Na2CO3, Mg(OH)2, MgO, or MgCO3.  The crystallisation occurs by addition of K2SO4, Na2SO4, 

or (NH4)2SO4. The aluminium product obtained can be reused as chemical coagulant for 

wastewater treatment.  

Sandoval (2002) developed a method for the treatment of water purification sludges and 

coagulant recovery and disposal.  Water purification sludges containing solids and aluminium 

hydroxide from coagulation with aluminium salts are thickened by gravity filtration to remove a 

large portion of the water, which is recycled to the process.  The remaining sludge is treated 

with a conditioner such as a polymer to improve dewatering in a flocculation-sedimentation 

apparatus.  The final sludge is neutralized with sulfuric acid and centrifuged to recover 

aluminium sulfate 80-90%. 

Tsukamoto (1977) developed a process purification of aluminium-containing waste solutions.  

An Al-containing waste solution from metal surface treatment or recycled alum solution in water 

treatment is treated to remove free acid or alkali, then a portion of Al is pptd. as Al(OH)3 with an 

Al pptg. agent to purify the waste solution for reuse.  Thus, a waste solution (cond. 14,300 

μmho/cm, pH 1.45) containing Al 1820, suspended solids 1400, Fe 410, and Mn 47 mg/L was 

aerated in the presence of NaOH to ppt. Fe as Fe(OH)3, then filtered through a microporous 

membrane to obtain a solution (cond. 11,500 μmho/cm, pH 2.55) containing Al 1710, 

suspended solids 28-30, Fe 210, and Mn 35 mg/L.  The solids removal was 98%.  

Souder (1923) patented a method for collecting Aluminium hydroxide sludge.  A liquid sludge 

containing coarse Al(OH)3 is filtered relatively free from fine Al(OH)3 by suction and the 

thickened sludge is subjected to continued suction filtration out of contact with the liquid sludge, 

to free it from liquid.  
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3.5.12 Alum recovery via high temperature and pressure treatment 

A sludge transformation process termed AquaCritox® utilising super-critical water oxidation has 

been made available in recent years (SCFI, 2013). This treatment approach uses water under 

high temperature and pressure conditions (>375 °C and >22 MPa), causing distinct liquid and 

gas phases to not exist. Supercritical water acts as a solvent, with the solubility of gases and 

organic compounds increased to almost 100%, and inorganic compounds being largely 

insoluble. When a stream containing organic material is placed under super-critical conditions 

and oxygen is introduced, a rapid (60 s) and complete (>99.999%) oxidation reaction occurs; 

this reaction is exothermic and so can be auto-thermal at low levels of organic matter. Alum 

sludge reaction products include carbon dioxide and nitrogen, and inert residues containing 

phosphorus and aluminium hydroxide. The precipitated hydroxide can then be reacted with 

sulfuric acid to form alum.  

The AquaCritox® product is commercially available for sludge recovery (SCFI 2013) with 

different feed rates advertised; it is unclear as to whether it has been commercially applied at 

the time of writing. The company describes a unit as having been used to “process waste 

streams from the USA to Australia with excellent results”, with application to a variety of wastes 

including drinking water sludges. 

Alum recovery processes using high temperature and pressure treatment are described in the 

patent literature, with available examples summarised below. 

Ohuchi, Kitahori et al. (1975) developed a method of processing of sludge from waste water 

The waste water is coagulated and separated using Al coagulants.  The pH of the sludge is 

adjusted to obtain an oxidized sludge of pH <1.5 or >9.0.  The oxidized sludge can be reused 

directly as coagulant for treating additional water or after dissolving Al compounds through 

addition of acid or alkali.  Suitable Al compounds include Al2(SO4)3, AlCl3, sodium aluminate, 

alum, polyaluminium chloride and their mixtures.  Flocculation aids such as calcium hydroxide, 

soda ash, active silica polyacrylamide, sodium polyacrylate and polyvinyl pyridine hydrochloride 

may be used.  The waste sludge is wet oxidized at 175-250° and at 14-140 kg/cm
2
 pressure in 

the presence of O stoichiometrically equal to oxidizable substances present.  

Stauffer (1973) developed a process for the conditioning and disposing of aluminium sulfate 

sludge from water treatment.  Sludge from the clarification settling tanks of a water treatment 

plant is heat conditioned at 200-230°F for 20-60 min, cooled and dewatered.  The filtrate is 

recycled and the sludge cake is removed for disposal in a landfill or use as an industrial raw 

material.  A system of heat exchangers is used for heat recovery and auxiliary heat application 

to raise the temperature of the incoming sludge.  Thus, an alum sludge with total solids 5.92% 

was heated at 250°F (15 psi) for 30 min, cooled to room temperature, and mixed, to reduce the 

specific resistance from 13.24 × 10
8
 to 1.52 × 10

8
 sec

2
/g.  Filtration time to collect 70 ml of 

filtrate from 100 ml of sludge was reduced to <1/8 of that required without treatment.  

3.5.13 Other resource recovery processes 

In the area of environmental resource management, phosphorus recovery from waste products 

has become an increasingly important consideration. As a strong phosphorus adsorbant which 

is produced in large quantities, alum sludge has been described as a potential source of 

recovered phosphorus. Zhao, Zhao et al. (2013) describe a sulfuric acid process which 

demonstrated laboratory-scale recovery of >95% of phosphorus and aluminium from alum 

sludge cakes which had been used as a wetland substrate for wastewater treatment. The 

authors noted that large-scale application of the technique was not yet suggested, and that a 

cost-effectiveness analysis be performed before suggesting that such a technique was 
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implemented in practice. Given the co-recovery of aluminium with phosphorus (as a mixture of 

AlPO4 and Al(OH)3), this approach can be regarded as an additional transformation process, 

which could be intermediate in the application of sludge to agricultural land as a fertiliser. 

Several examples of other alum recovery methods from the patent literature have been 

summarised below. 

Zhang and Li (2012) developed an apparatus and method for recycling sludge generated in 

wastewater plant using electrolysis. The process is aimed at making wastewater treatment 

sludge safe by killing microorganisms and virus in sludge, deodorize and decolorize the sludge, 

and decompose organic substances in the sludge.  

Wang (2011) patented a method for joint production of potassium sulfate, aluminium sulfate 

and ferric sulfate by using filtrate from hydrolysis of alum sludge. The process involves feeding 

alum sludge into a corrosion-resistant reactor, adding water, and fully stirring for hydrolysis to 

obtain mixture of potassium sulfate, aluminium sulfate and ferric sulfate. The mixture solution is 

filtered, with the filter cake disposed of and filtrate is vacuum distilled. When the solution 

reaches saturation, and according the different solidifying points of the three compounds, 

respectively and sequentially cooling, washing, dewatering, drying to give potassium sulfate, 

aluminium sulfate and ferric sulfate products.   

Lee, Kim et al. (2010) developed a method for manufacturing deodorant using clean water 

sludge.  The title method comprises feeding clean water sludge agglutinated through alum-

series agglutinant and then dehydrated in a clean water sludge storage tank and mixture of 

waste phosphoric acid and water at a ratio of (5-10):1 (1/Kg the clean water sludge) into a self-

heating reactor, and stirring at 80-150° for a hydrothermal reaction. The reaction products are 

naturally cooled, dried and pulverised into micropowder. The manufactured deodorant can 

effectively remove ammonia gas (main source of stenches) generated in the organic sludge 

solidification or composting process, in a stall facility or in an ammonia manufacturing process.  

Hsiao, Hu et al. (2009) patented the method of recovering copper and coagulant from heavy 

metal containing sludge by mineralization. Alkali reagent is added to the sludge.  After stirring 

and leaching, the suspension is under an equilibrium state so that the pH value remains stable.  

Then the solid-liquid separation is carried out.  The solid residue is then leached by the same 

process to recover until the recovery of Al from liquid phase and Cu from the solid.  The filtrate 

can be reused as leaching agent and coagulant in waste water treatment.  

Rao, Thakur et al. (2005) developed a method for the recovery of titanium dioxide from alum 

sludge containing SiO2, Fe2O3, Al2O3, organic matter and 15-20% TiO2. The process involves 

fusing the sludge with Na2CO3 at 750-800°, leaching with water, separating the residue, heating 

with a reducing agent such as SO2 in a stoichiometric amount, leaching with 4-6 N HCl, 

separating and roasting the residue at 750-800°, treating with a few drops of H2SO4 and excess 

HF to remove traces of silica, adding NH3 to precipitate Ti hydroxide and roasting at 750-800° 

to give pigment-grade TiO2. 

Kreisler (2001) developed a method for recovering and separating precious and non-precious 

metals from waste streams. Metals such as chromium, manganese, cobalt, nickel, copper, zinc, 

silver, gold, platinum, vanadium, sodium, potassium, beryllium, magnesium, calcium, barium, 

lead, aluminium, tin; and the like are removed and recovered from the waste streams with at 

least 95% removal and other metals and compounds, such as antimony, sulfur, and selenium 

are removed and recovered from waste streams with at least 50% removal.  The method 

employs a unique complexing agent comprising a carbamate compound and an alkali metal 

hydroxide which facilitates the formation of the metals into ionic metal particles enabling them 
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to be readily separated, removed and recovered.  The method disclosed is also applicable to 

recover metals and other compounds originating from different waste sources such as existing 

and abandoned mines, contaminated groundwater, standing contaminated water, and waste 

streams having a high solids content as well as treating water intended for potable use, 

recovering metals and other compounds from polluted or contaminated air, and the like.    

Fei (1990) developed a method for the preparation of iron- and aluminium-iron-based solid 

coagulants for water treatment.  The process comprises drying sludge containing FeSO4 or Fe 

polysulfate from treatment of leather-processing wastewaters, and mixing the dried sludge with 

∼98% H2SO4 and Al hydroxide powder. The Al hydroxide powder is obtained by neutralizing the 

waste solution from acid pickling of Al alloys, filtering to separate the precipitates drying and 

pulverizing of the precipitates to give a white powder (specific gravity ∼2.4).  

Sakotani (1976) developed a process for aluminium recovery from waste sulfuric acid from an 

anodizing, degreasing, and etching for reuse and Al recycle.  A waste H2SO4 or a mixed acid 

containing H2SO4 is mixed with ≥1 of Al(OH)3, Al2O3, Al2(SO4)3, or an organo-aluminium 

compound to 43-52 g Al/L, then heated to 30-90°, and cooled to precipitate Al2(SO4)3 or 

Al(OH)3.  

3.6 Guidance for utilities implementing alum sludge reuse 

It is clear that many of the available options for alum sludge reuse are dependent upon local 

factors, such as the presence of agricultural or industrial sites able to receive sludge, and the 

regulatory situation regarding required or prohibited end uses. While it is beyond the scope of 

this review to further examine how specific reuse plans can be and have been implemented, it 

is recognised that guidance about this may be of considerable interest to water utilities 

intending to perform beneficial reuse, and so this aspect of the literature has been briefly 

summarised here. 

A guideline for investigating, developing and implementing a successful beneficial reuse 

program is described by Cornwell, Mutter et al. (2000), and is further adapted in Cornwell 

(2006). Information concerning the following tasks is described in Cornwell (2006): 

 Review of local and state regulations and history of beneficial use within the state 

 Performance of residuals characterization 

 Screening of potential beneficial use options 

 Determining the requirements for performing beneficial use 

 Assessment of existing and future required facilities 

 Economic and noneconomic analysis 

 Regulatory permitting 

 Development of marketing package 

 Marketing of residuals to potential end users 

 Contractual agreements 

 Project development and implementation 

 Compliance sampling and monitoring (if required) 

Of particular interest is the approach taken in Cornwell, Mutter et al. (2000) to non-economic 

evaluation of beneficial use alternatives. In this, a large number of identified end uses are rated 
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against a wide range of parameters, and a weighting methodology is described to emphasise 

the parameters of most importance to a local situation. The noted parameters include: 

reliability, flexibility, permit and regulatory impacts, liability, user experience and time in 

business, operational complexity, expandability, onsite land requirements, compatibility with 

existing processes, environmental impacts, vehicle traffic, and disposal volume.  

The flexibility required of this weighted-parameter approach demonstrates the need for 

consideration of local circumstance with utility reuse of sludges – there is unlikely to be a 

universally applicable single best way to reuse sludge. Additionally, when undertaking an 

analysis of the costs and benefits of many of these approaches, this will require the 

incorporation of local, case-specific information if such an analysis is to be performed 

accurately. 

3.7 Assessment for further investigation in this study 

3.7.1 Outline of prioritisation process  

The major objective of this review is to lead into the subsequent bench-scale investigations by 

selecting processes to be examined, which is performed in this section. Potential end-uses for 

alum sludge are assessed, and those that are considered to provide the greatest potential for 

providing benefit to the water industry are identified as priority end-uses. End-uses which have 

high value return but are not considered to be broadly applicable are regarded lower priority 

than end-uses that may have lower value return but have broader water industry application. 

The transformation processes that may be suitable for those highest priority end-uses are then 

identified and assessed according to the suitability for further development and water industry 

adoption. Those transformation processes which are simple technologies, scalable and able to 

be optimised for a wide range of water treatment facility conditions, are considered higher 

priority over complex transformation processes that may have limited applicability to various 

magnitudes of operation or to specific geographic locations. A further consideration is the 

opportunity for positive environmental outcomes that may be provided.  

3.7.2 Assessment of end use options 

Potential end uses reviewed in Section 3.4 were rated using the following criteria: 

 Amount of processing required – how much transformation of sludge is needed? 

 Scalability – what is the potential capacity to receive large amounts of sludge? 

 Likelihood of implementation – are there potentially substantial risks (technical, political, 

environmental, regulatory risks) or benefits (end use able to be located near sludge 

source and/or be controlled by utility)? 

 Implementation financial requirements – what is the expected cost of full-scale end-use 

set-up 

 Ongoing financial requirements – what is the expected financial return of operating this 

end-use? 

 Social & environmental effects – what is the expected balance of social and 

environmental returns of operating this end-use? 

The end-use ratings are presented below in Table 1. For some end-uses (e.g. agricultural land 

application), several different uses may be possible, and these are included as different 

“modes”. The assessment of end-uses is based on the available literature, and is necessarily 
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subjective due to the many variables involved. The resultant rating is qualitative, on a spectrum, 

and is relative to the other options available. These ratings are described in the end-use 

legend, which follows Table 1. 

3.7.3 Recommendations for end-use options 

The ultimate aim of this investigation is to identify a process that can identify a use for alum 

sludge that provides the greatest financial benefit to the water businesses, either through 

reduced costs for management and disposal, or as a potential income stream, while also 

providing improved environmental outcomes. Modifying existing alum sludge disposal practices 

provide opportunities for reducing transport, landfill and/or trade waste disposal costs, and 

potentially reducing the waste stream. Given that high and increasing transport and disposal 

costs are considered by water industry survey respondents to be the greatest imperative for 

alternative reuse options for alum sludge, the highest rated potential end use would be 

recovered coagulant reused in water treatment at the site it is generated This option would 

provide the combined benefit of reducing the cost of disposal plus the regenerated coagulant 

would reduce the need for purchasing new water treatment chemical. Thus it is recommended 

that the bench scale trials include at least one transformative process suitable for on-site 

regeneration and re-use of alum in water treatment.  If this process is found to be feasible, 

there are greater opportunities for application to the broader water industry.  

Reuse of alum in water treatment would require production to a quality that meets the 

acceptance criteria for water treatment chemicals. If this quality is not practically or 

economically feasible, regeneration of a lower quality coagulant for non-potable water 

treatment (e.g. wastewater treatment) may be a feasible alternative. This end use may not 

reduce transport costs for disposal, but may reduce landfill costs. It is worth noting that any 

regenerated alum that is reused in wastewater treatment process, or alum sludge that is 

disposed of to sewer, ultimately ends up in wastewater treatment biosolids, which in turn 

requires disposal. Additionally, the potential reuse of biosolids containing alum may or may not 

have a wider range of potential land applications or composting options available compared to 

alum sludge. Thus the application of alum sludge to wastewater treatment process has the 

potential for reduced disposal costs, particularly if the treatment benefits are realised and the 

resulting increased quantities of biosolids produced can be reused. The bench scale testing of 

on-site alum regeneration may provide guidance for transformation processes required for 

wastewater treatment re-use. 

Similarly, reuse of alum sludge in the substrate of constructed wetlands has the potential for 

providing treatment function for wastewater. However, the alum sludge used for treating water 

ultimately becomes saturated with contaminants, and requires removal, disposal and 

replacement. Thus, the use of alum sludge in treatment wetlands may provide treatment 

improvements, but is likely to incur similar transport and disposal costs, and incur additional 

management and handling costs associated with the construction, removal of saturated 

treatment sludge and replacement with new material. Bench scale testing of the ability of 

untransformed or slightly processed alum sludge to provide water treatment benefits would 

assist the evaluation of the use as wetland substrate. 

Land application of alum sludge is reported as providing a range of potential benefits. 

However local experience in Gippsland demonstrates that addition of alum sludge is 

considered to have undesirable impacts on nutrient levels in agricultural soils. This 

characteristic suggests that alum sludge does not add value as a soil amendment. However, 

this does have potential for land application for control of excess phosphorus contamination 

to waterways, which has significant potential for positive environmental outcomes for waterway 
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condition. As discussed in the previous paragraph, bench scale testing the ability of 

untransformed or slightly processed alum sludge to remove nutrients from soil will guide the 

evaluation of land application options, both in terms of its potential for limiting the nutrient value 

of composted products, and in terms of potential environmental benefits from excess 

environmental phosphorus control. 

The use of alum sludge as construction material for landfill lining and capping has great 

potential. However, this application is demand driven, and the need for landfill capping is not 

expected to be a consistent and long term use. Bench scale testing of the ability of alum sludge 

to resist landfill leachate flow and/or limit movement of contaminants into groundwater may be 

useful for demonstrating the suitability of this material for purpose.  

The potential for using alum sludge as a raw material in the production of construction 

materials, such as cement or bricks, is largely dependent on the co-location of water treatment 

and existing manufacturing facilities. In our survey of the water industry, no respondent 

indicated the presence of manufacturing industries near water treatment plants. The 

manufacturing processes reviewed typically have high energy demand, with considerable 

number of other raw materials required.  The availability of alum sludge is not expected to be 

the critical factor in the adoption of these manufacturing methods. It is also worth considering 

the added complications associated with contractual and quality assurance requirements of the 

manufacturing business partner.  Thus, it is unlikely that onsite transformation of alum sludge 

for brick/cement manufacturing will be suitable for the water industry. Therefore, any use of 

alum sludge as a raw material for these manufacturing processes is likely to require 

transportation, although it is not clear whether the raw material would be considered a valuable 

resource that provides an income stream. Without undertaking a broad manufacturing industry 

review, we are not able to indicate the extent of applicability of these end use options. As such, 

we consider a bench scale assessment of alum sludge for suitability in the manufacturing of 

construction materials to provide limited benefit to the broader water industry, and we do not 

recommend further consideration of this end use in this study. However, individual water 

businesses may consider this reuse application has significant potential benefit for specific 

water treatment facilities, and may wish to consider site specific investigation. 
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Table 1 Assessment of end use options 

End-use Mode 

Amount of 
processing 
required 

Capacity to 
receive alum 
sludge 

Financial 
requirement 
to implement 
by the water 
authority 

Other factors 
influencing 
implementation 
likelihood 

Financial 
return for 
ongoing 
use 

Other returns 
from 
implementation 

Disposal Landfill None Complete Insignificant Negative Negative Negative 

Disposal Sewer None Complete Insignificant2 Neutral Positive Negative 

Recovered coagulant reused in water treatment Direct reuse Extensive Complete Major Strongly positive Neutral Positive 

Reuse in municipal wastewater treatment With recovered coagulant Major Complete Major Positive Neutral Positive 

Reuse in municipal wastewater treatment With untransformed sludge Minor Complete Minor Positive Neutral Positive 

Reuse in municipal wastewater treatment Substrate of constructed wetland Minor Major Minor Positive Neutral Positive 

Reuse in agricultural wastewater treatment Substrate of constructed wetland Minor Major Minor Neutral Neutral Positive 

Land application Disposal only None Complete Insignificant Negative Neutral Neutral 

Agricultural land application Soil amendment None Complete Minor Neutral Neutral Positive 

Agricultural land application Phosphorus control None Complete Minor Positive Neutral Strongly positive 

Agricultural land application Co-application with biosolids Minor Complete Minor Positive Neutral Strongly positive 

Agricultural land application Other composting1 Minor Major Minor Neutral Neutral Positive 

Agricultural land application Commercial soil products1 Minor Major Minor Neutral Neutral Positive 

Agricultural land application Turf farming1 None Major Minor Neutral Neutral Positive 

Agricultural land application Silviculture1 None Complete Minor Neutral Neutral Positive 

Land application Landfill cover1 None Minor  Insignificant Neutral Neutral Neutral 

Land application Reclamation & remediation1 Minor Minor  Minor Neutral Neutral Strongly positive 

Industrial raw material Cement manufacture1 None Minor  Minor Neutral Neutral Positive 

Industrial raw material Brick manufacture1 None Minor  Minor Neutral Neutral Positive 

Notes: 

1. Based on the assumption that water business is only responsible for alum supply for these end uses, not further processing or manufacturing 

2. Dependent on ease of access to sewer. 
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Legend for end uses 
   

     
End uses - amount of processing required prior to reuse 

 

End uses - Factors influencing likelihood of implementation (excludes financial 
considerations) 

Extensive 
Full recovery of alum required (e.g. alum recovery for reuse in water 
treatment) 

 
Negative Substantial technical risks, political risks, and/or environmental risks 

Major Substantial further treatment or processing of additives required 
 

Neutral Technical risks, political risks, and/or environmental risks 

Minor Some further treatment or processing of additives required 
 

Positive 
Benefits to the environment, ease of implementation, proximity to sludge 
source 

None Can use dewatered alum sludge 
 

Strongly positive 
End use controlled by utility producing sludge & located on same site as 
sludge source 

     End uses - capacity to receive alum sludge 
 

End uses - estimated financial return for ongoing use 

Insignificant Could receive ~0.1% of the alum sludge output of a WTP 
 

The  value of the processed sludge for the end use & the transport costs required to get it to the end 
use 

Minor  
Could receive ~1% of the alum sludge output of a WTP, and/or there 
may be doubts about ability to consistently receive sludge  

Negative Ongoing costs overwhelmingly significant 

 
Neutral Ongoing costs similar to status quo 

Major Could receive ~10% of the alum sludge output of a WTP 
 

Positive Ongoing costs acceptable 

Complete Could receive ~100% of the alum sludge output of a WTP 
 

Strongly positive Financial returns cover ongoing costs 

     End uses - estimated financial requirement to implement end use 
 

End uses - estimated other returns from implementation 

Prohibitive Significant financial requirements to implement.  
 

Negative On balance, presents substantial social and/or environmental disadvantages 

Major Relatively significant financial requirements to implement 
 

Neutral On balance, presents some social and/or environmental disadvantages 

Minor Acceptable financial requirements to implement 
 

Positive On balance, presents some social and/or environmental advantages 

Insignificant 
End use already in place, or would require only organisational effort 
to implement 

 
Strongly positive On balance, presents substantial social and/or environmental advantages 
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3.7.4 Assessment of transformation processes 

The potential transformation processes reviewed in Section 3.5 were rated using the following 

criteria: 

 Effect of process – what is the amount of transformation resulting? 

 Scalability – what is the potential capacity to process large amounts of sludge? 

 Likelihood of implementation – are there potentially substantial risks (technical, political, 

environmental, regulatory risks) or benefits (process able to be located near sludge 

source and/or be controlled by utility)? 

 Implementation financial requirements – what is the expected cost of full-scale process 

set-up 

 Ongoing financial requirements – what is the expected financial return of process 

operation? 

 Social & environmental effects – what is the expected balance of social and 

environmental returns of process operations? 

The assigned ratings are presented below in Table 2. 

For some transformation processes (e.g. the recovery of coagulant), several methods of 

achieving the transformation are available, and these are included as different “modes”. The 

assessment of processes is based on the available literature, and is necessarily subjective due 

to the many variables involved. The resultant rating is qualitative, on a spectrum, and is relative 

to the other options available. These ratings are described in the processes legend, which 

follows Table 2. 

3.7.5 Screening level assessment of bench-scale options 

Further investigation should focus on transformational processes able to produce alum of a 

grade able to be reused in water treatment, or of a lower grade able to be reused in wastewater 

treatment or higher-return land application. While there are many potentially feasible options for 

the recycling of sludge which has been dewatered but is otherwise unprocessed, these options 

appear unlikely to benefit from bench-scale investigation in Milestone 3 of this project.  

Of the processes producing reusable alum, some literature-described approaches appear to be 

unlikely to be feasible full-scale alternatives, and so have been removed from further 

consideration. Hydrochloric acid leaching appears to be less effective and more expensive 

than sulfuric acid leaching. Very patchy literature is available on alkaline leaching, with most 

regarding it as non-economic. Liquid ion exchange appears to be operationally complex and 

result in solvent carryover or entrainment into recovered alum, and so also appears likely to be 

less effective and more expensive than other alternatives. 

Sulfuric acid leaching has been proven to be at least initially feasible in full-scale applications. 

However, there does not appear to have been wide scale uptake of this technology in the water 

industry, and ongoing literature reference to the water treatment plants cited as demonstration 

plants has not been found. This may mean that such operations have been discontinued, 

although, if and why this has occurred is unclear. Acid leaching can clearly recover alum, 

possibly in a cost-neutral way if compared with landfill disposal; however the co-recovery of 

other materials may preclude the reuse in water treatment of this recovered alum. There may 

be benefit in bench-scale examination of acid leaching, to investigate its viability as a non-
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specific first stage of alum recovery for a reuse process, or as a stand-alone process to 

produce a lower grade alum for use with other end uses. 

Selective binding agents for alum such as composite resin beads and semi-permeable ion 

exchange membranes have shown promise in the literature, however there does not appear to 

have been subsequent uptake of such technologies by the water industry. Selective processes 

may function most effectively in conjunction with a non-selective initial stage (such as acid 

digestion), and this has been the approach taken in literature studies using this approach. 

There may be benefit in bench-scale investigation of selective binding agents if there is a mode 

by which they can operate in a cost-effective way.  

Ultrafiltration has also been examined at pilot-scale for sludge transformation, such as with 

the REAL process. However, the economic viability of this approach appears to be unclear. 

Such a step could also be applied following a non-selective initial stage (such as acid 

digestion), which again was the approach taken in the REAL process study.  

Supercritical water oxidation has also shown feasibility as a sludge transformation process, 

although this does not appear to have been demonstrated at full scale at the time of writing. It 

has been contended in commercial advertising material that the alum produced by the 

Aquacritox® process is suitable for reuse in water treatment. It may be that the heat and 

pressure conditions for full oxidation are not necessary to produce material which is suitable for 

some other reuse option, or at least renders alum sludge into a form that is more amenable for 

disposal in a cost-effective manner. There may be benefit in the bench-scale examination of 

different combinations of heat and pressure treatments of sludge, to investigate the viability of 

this mode of treatment in increasing the recyclability of sludge. The production of high grade 

alum usable in water treatment is attractive; however this may not be economically feasible, 

while the production of lower grade alum or a highly dewatered sludge may be. 

Dewatering processes could be examined, however bench scale testing of this process is 

unlikely to provide significant benefit to existing technologies. 
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Table 2 Assessment of transformational process options 

 

Transformation process Mode 

Amount of 
transformation 
resulting from 
process 

Capacity to 
process alum 
sludge 

Financial 
requirement to 
implement 

Other factors 
influencing 
implementation 
likelihood 

Financial return 
for ongoing use 

Other returns 
from 
implementation 

None (ie: thickened and 
dewatered alum sludge) Existing product Insignificant Complete Insignificant Negative Neutral Negative 

Further dewatering Evaporation Minor Complete Minor Neutral Neutral Neutral 

Further dewatering With freezing process Minor Minor  Major Neutral Neutral Neutral 

Other Heat treatment Major Complete Major Negative Positive Neutral 

Other Lime amendment Insignificant Complete Insignificant Neutral Neutral Positive 

Coagulant recovery With sulfuric acid Extensive Complete Major Strongly positive Neutral Positive 

Coagulant recovery With hydrochloric acid Extensive Complete Major Strongly positive Negative Positive 

Coagulant recovery With alkaline treatment Extensive Complete Major Strongly positive Neutral Positive 

Coagulant recovery 
With reversible selective 
binding to resin Extensive Complete Major Strongly positive Neutral Positive 

Coagulant recovery 
With ion exchange 
membranes Major Minor  Major Negative Negative Positive 

Coagulant recovery With liquid ion exchange Major Minor  Major Negative Negative Positive 

Coagulant recovery With ultrafiltration Extensive Minor  Major Negative Negative Positive 

Coagulant recovery 
With high temperature & 
pressure Extensive Complete Major Strongly positive Neutral Positive 
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Legend for processes 
   

     Transformation processes - amount of transformation resulting from 
process 

 

Transformation processes - Factors influencing likelihood of implementation (excludes financial 
considerations) 

Insignificant No substantial transformation 
 

Negative Substantial technical risks, political risks, and/or environmental risks 

Minor  Substantial further treatment or processing of additives required 
 

Neutral Technical risks, political risks, and/or environmental risks 

Major Some further treatment or processing of additives required 
 

Positive Benefits to the environment, ease of implementation, proximity to sludge source 

Extensive Can be used in place of fresh alum 
 

Strongly positive 
End use controlled by utility producing sludge & located on same site as sludge 
source 

     Transformation processes - capacity to process large volumes of alum 
sludge 

 
Transformation processes - estimated financial return for ongoing operation 

Insignificant Could receive ~0.1% of the alum sludge output of a WTP 
 

The value of the processed sludge for the end use & the transport costs required to get it to the end use 

Minor  
Could receive ~1% of the alum sludge output of a WTP, and/or 
there may be doubts about ability to consistently receive sludge  

Negative Ongoing costs overwhelmingly significant 

 
Neutral Ongoing costs similar to status quo 

Major Could receive ~10% of the alum sludge output of a WTP 
 

Positive Ongoing costs acceptable 

Complete Could receive ~100% of the alum sludge output of a WTP 
 

Strongly positive Financial returns cover ongoing costs 

     Transformation processes - estimated financial requirement to implement 
process 

 
Transformation processes - estimated other returns from implementation 

Prohibitive Significant financial requirements to implement.  
 

Negative On balance, presents substantial social and/or environmental disadvantages 

Major Relatively significant financial requirements to implement 
 

Neutral On balance, presents some social and/or environmental disadvantages 

Minor Acceptable financial requirements to implement 
 

Positive On balance, presents some social and/or environmental advantages 

Insignificant 
Process already in place, or would require only organisational 
effort to implement 

 
Strongly positive On balance, presents substantial social and/or environmental advantages 
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3.7.6 Grouping of options for bench-scale investigation 

The options for matched processes and end uses can be grouped into four general categories.  

Category 1 Highly transformational processes, which are (potentially) capable of producing 

alum of a quality suitable for re-use in water treatment processes. These include those which 

recover alum using the following techniques: 

 Acid digestion 

 Reversible selective binding to resins 

 Semi-permeable ion-exchange membranes 

 Ultrafiltration and/or nanofiltration 

 High temperature and pressure treatment. 

 

Category 2 Somewhat transformational processes, which are (potentially) able to produce a 

lower grade of alum suitable, for re-use in wastewater treatment and some beneficial land 

application end-uses. Processes considered for further investigation include those processes 

described as Option 1, where the recovered alum contains other material (organic matter, heavy 

metals) which make it unsuitable for potable water treatment re-use.  

 

Category 3 Slightly transformational processes for beneficial end-uses, which are 

(potentially) able to supply alum sludge with a specified amount of dewatering for land 

application and/or industrial end uses. The major requirements for the uptake of these options 

as beneficial end uses are local factors (the identification of suitable sites to receive alum sludge 

and negotiation with the receiving site operator) and regulatory factors (negotiation with 

applicable regulators). The summarised details of the various end uses found in the technical 

and patent literature have been included in the review, as such a review is clearly of potential 

benefit to water industry actors who are seeking to find a beneficial end use of alum sludge 

suitable for their local situation. The transformational processes required for these end uses are 

generally those already used in the water industry, which dewater sludge to various degrees. 

However, some further investigation into the capacity alum sludge to further adsorb nutrients 

would improve understanding on options for combining sludge with other waste material to 

enable an end use, such as inclusion in compost or other agricultural products. It would also 

allow provide some guidance on the effectiveness of environmental management of phosphorus 

run-off with alum sludge. 

 

Category 4 Slightly transformational processes for non-beneficial end-uses, which are 

able to dispose of alum sludge with a specified amount of dewatering. This is the current 

situation for many Australian water utilities, and describes a “no change” option. These practices 

are also very dependent upon local and regulatory factors – the cost and availability of landfill, 

transportation costs, the requirements of regulators for specific sites. These factors cannot be 

generalised with any precision. If specific utilities wish to seriously consider alternatives to 

sludge disposal, it is essential that they quantify the costs of their current practices, to allow 

comparison with alternatives with cost-benefit analyses. If this is not performed credibly, then 

alternatives to existing practices are unlikely to be implemented, and the current approach of 

minimal-cost disposal will continue. Many of the cost-benefit analyses of alternative practices in 

the literature – if presented – are inadequate and so do not allow credible comparison. 
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3.7.7  Recommendations for bench scale investigation 

From the observations above, potential options which could benefit from bench-scale 

investigation are summarised below. The listed options are not mutually exclusive. 

1. Use of a non-selective alum recovery step followed by a selective step. The non-selective 

step which has been most thoroughly examined appears to be sulfuric acid leaching, 

which has the advantages of being a known process that is not technically demanding, 

and which can be performed at a relatively low cost. The selective step could be the use 

of selective binding agents and/or filtration 

2. Use of heat and/or pressure treatment to dewater and/or oxidise alum sludge. Depending 

on the level of treatment, this could end up with a product ranging between further 

dewatered sludge through to reusable alum. 

3. Investigation into the adsorption capacity of alum sludge with regard to the potential for 

phosphate removal. Consideration should be made for both minimising nutrient loss from 

commercial agricultural products, and maximising nutrient adsorption for controlling 

excess P runoff to waterways. 

It is possible that the focussing investigation on a single non-selective transformation process 

(i.e. sulfuric acid leaching), for the purpose of optimising this process for application across 

three different sludges, may provide improve better opportunities for developing a solution for 

industry application.    

3.7.8 Selection of alum sludges for examination 

To best represent the requirements of the wider water industry, it is proposed to utilise alum 

sludges that are typical of extreme water treatment scenarios as test material for bench trials. 

As discussed in Section 2.2.4, alum sludge quality is affected by both source alum quality and 

the quality of the water being treated (low load, high nutrient load, high clay load and high 

organic/ algal load). 

Chemical analytical data on alum sludge provided by various water businesses revealed that no 

consistent suite of testing is undertaken. Where regulatory requirements for disposal require an 

assessment of potential contaminants, those water treatment plants generally have 

considerable data. However, water businesses that have managed their alum sludge in a 

different manner (e.g. stockpiling or disposal to sewer) generally do not have the same data 

available. Thus, there is currently not enough data available on the composition of alum sludge 

to characterise patterns of difference or similarities between sites.  

It is therefore recommended that before particular alum sludges are selected, that the lead 

chemists at Monash University develop a short, targeted list of analytical parameters that would 

best characterise the quality of alum sludge relevant to the transformative processes selected. 

As analysis of alum sludge from every Victorian water treatment plant is beyond the budget of 

this project, it is recommended that water utilities undertake their own testing of sludge for these 

parameters. Provision of this data to the project will allow for those water treatment sites to be 

assessed for suitability in bench scale testing.  

Based on the historical alum sludge analytical data provided by ACTEW Water, and knowledge 

about the largely protected Cotter catchment, alum sludge from the Mt Stromlo water treatment 

plant is likely to be a good representative of a low load water source, with relatively “clean” 

sludge. Thus it is recommended that this alum sludge is examined in the bench scale trials.   
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Therefore, it may be most suitable to identify sludges that contrast from this site. Under funding 

commitments, the project is committed to including a sludge from a Seqwater water treatment 

plant, however there is little information to generalise about which sludge may be most suitable. 

Based on the Victorian data provided, the alum sludge produced at the Lance Creek water 

treatment plant may provide useful contrast from other sludges selected. The catchment is 

mostly unprotected, with significant dairy industry landuse, and has a history of algal blooms 

and high turbidity events. Thus the sludge is expected to be highly seasonally variable and also 

contain a high load of nutrients, organics and clay. Thus we propose using this South Gippsland 

Water site for bench trials. 
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4. Bench scale testing of treatment 

processes 

This section of the report captures the outcomes and deliverables for the treatment of alum 

sludge as part of the agreed work tasks carried out in accordance with the recommendations of 

the Smart Water Fund Project Advisory Committee. The emphasis of these work tasks was 

focused on those facets of the treatment of the alum sludge which were considered by the 

Project Team (GHD and Monash University) and the Project Advisory Committee to represent 

laboratory scale studies with the greatest likelihood for rapid translation to scale with minimal 

requirements for significant initial capital investment.   

The technical team at the Victorian Centre for Sustainable Chemical Manufacturing, Monash 

University, has thus pursued two avenues of investigation for these activities – namely, one that 

involved the recovery of the alum via a relatively low temperature, mild sulphuric acid treatment, 

and the second involving a hydrothermal ablation of the biological and other organic 

contaminants of the recovered alum sludge.  

This section thus includes: 

 Details of the measurement methods and results from the laboratory testing of three alum 

sludge samples, provided as starting materials by three water utilities [South Gippsland 

Water, ACTEW Water and Seqwater], as conducted at Monash University. These water 

utilities were selected because of their commitment in cash and in-kind to this project, the 

likely differences that were anticipated to exist between their alum sludges due to 

variations in the surface and sub-surface environments of their capture basins, whether 

agricultural practices were encompassed within their locality and whether sludge de-

watering or other process treatment activities were implemented at the operational sites 

of these utilities. 

 Details of the methods and results from the bench scale testing of alum samples 

recovered from alternative practices for the regeneration of the alum from the three 

different starting materials, as conducted at Monash University. 

4.1  Background 

The major aims of the Work Plan Tasks carried out as Milestone 3 Activities as set out in the 

original project description addressed bench scale laboratory trials with alum sludge to examine 

the possible treatment processes to allow the recovery and/or recycle of the alum. The Work 

Plan envisaged a gated approach with several go/no-go stages to seek implementable solutions 

that involved the recovery of alum (as aluminium sulphate) from the spent alum sludges. In the 

event that suitable solutions were not readily obtained (in terms of conversion rates, reduction of 

organic matter and overall environmental acceptability), then conversion of the alum sludge 

progressively by technologies of increasing sophistication, complexity and cost to other potential 

products was foreshadowed. Consequently, the original Work Plan foreshadowed the following 

Experimental Tasks for the alum sludge transformation, with each subsequent task to be 

employed only if the preceding task was deemed to not be suitable, according to the criteria of 

practicality, low cost, ease of implementation and end point use.   

 Alkaline/sulphuric acid treatment 

 Hydrothermal treatment  

 Supercritical water treatment  

 Supercritical CO2 treatment 
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 Extraction in ionic liquids 

The review provided in Section 3 comprehensively summarises the chemistry and the 

technologies for alum sludge treatment/transformation. Bench scale studies with three different 

samples of alum sludges have been conducted at Monash University based on the ranking of 

alternative technologies and recommended sludge sites, derived from the considerations set out 

in Section 3 and approved by the Project Advisory Committee (Hold Point Meeting held 6
th
 

March 2015). Sludge samples have been provided by ACTEW Water, Seqwater, and South 

Gippsland Water. In each case, these alum sludges have been used as the starting materials 

for subsequent bench testing. 

These studies with the alum sludge samples have been conducted concurrently, each 

considering technologies most suitable for the characterisation and processing of the three 

sourced materials. These studies have involved chemical processing of alum sludge under 

different treatment conditions (with and without hydrothermal treatment regimens), which will 

form the basis of documenting whether technically improved and economically more viable 

methods can be achieved to enable enhanced recyclability of alum in water treatment 

processes.  

In the original project proposal, the laboratory approaches were intended to allow the properties 

of alum sludges of different origins, compositions and contamination levels to be more efficiently 

processed through the use of either optimised acid or alkaline base choices, concentrations, 

mixing/processing regimes, temperature and treatment durations with the features of the 

derived products better correlated with the desired functionality and end-point usage.  

In the light of the outcomes described in Section 3, alkaline treatment was not pursued further. 

The review of alum recovery with alakaline treatment (Section 3.5.7) came to the conclusion 

that technologies based on alkaline leaching are “very patchy”, with literature precedents 

indicating most as non-economic. Available literature includes Bustamante and Waite (1996), 

who describe the recovery of soluble aluminium (as aluminate) obtained by alkaline leaching of 

sludge; and Prakash (2009), who note that an alkaline digestion process would non-selectively 

recover dissolved organic carbon (DOC) along with alum, and so present a problem with the 

potential formation of trihalomethanes.  

Moreover, Saunders (1991) examined acid or alkali addition to alum sludges, for the objectives 

of sludge conditioning (improvement of handling characteristics) and of coagulant recovery. This 

study reviewed literature on acid and alkaline extraction of aluminium hydroxide suspensions, 

and operational data from existing coagulant recovery operations in one American and multiple 

Japanese plants. It was concluded that the most successful extraction operations at that time 

had been conducted with acids, particularly sulphuric acid. 

Based on these outcomes, the alkaline treatment approaches were deemed to represent less 

readily implementable options. As a consequence, the focus of the activities that form the basis 

of this section has centred on the use of milder sulphuric acid treatment procedures operated at 

or near ambient temperatures. 

The intended purpose of the regenerated alum or other end products (e.g. material for soil 

amendments, cement manufacturing, etc.) derived from the methodologies investigated in these 

bench trials is to provide access to materials which can subsequently be utilised as a source 

material focusing on different application endpoints. As a consequence, an objective of these 

investigations was to acquire bench scale data relevant to alum regeneration in the first instance 

for re-use in the potable water treatment process as a target for at least one of the three bench 

samples studied. In the event that this sulphuric acid treatment option did not provide sufficient 

promising data to proceed, then further options, foreshadowed in the original application, could 

subsequently be considered. These involved the utilisation of technical approaches previously 

established within the Victorian Centre for Sustainable Chemical Manufacturing / Centre for 
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Green Chemistry with other inorganic/ceramic materials, including the development of 

adsorbents useful for heavy metal entrapment or phosphorus capture from various effluent 

streams, as a starting material for the production of higher value products such as specialty 

zeolites for use in heterogeneous catalysis or gas separation systems or as agricultural soil 

modifiers.  

The practicality of proceeding down these technical, more challenging aspects of the originally 

proposed project with an experimental Work Plan of relatively short time duration was thus 

conditional on the nature of the outcomes of the sulphuric acid treatment regimens employed. 

For these reasons, initially a target of ~ 80% conversion of alum sludge to aluminium sulphate 

was set as an acceptable threshold for the deliverables, because pilot experiments have 

demonstrated that such yields can be obtained by the simplest process, i.e. one extraction with 

sulphuric acid, followed by centrifugal separation. As this target was achieved/exceeded, the 

sulphuric acid protocol so developed, coupled if necessary with an additional aqueous wash or 

a hydrothermal treatment depending on the nature and origin of the alum sludge, appears to 

fully satisfy the agreed technical specifications appropriate to proceed to more detailed pilot 

scale studies.  

The experimental strategies thus employed in the investigations described in this section of the 

report thus have built upon the recommendations endorsed by the Project Advisory Committee 

arising from the review of alternative practices (Section 3), with the intended deliverables based 

on:  

 Alternative laboratory scale approaches to establish the feasibility of utilising alum sludge 

following regeneration by acid treatment regimes. In these tasks, the optimisation of the 

acid treatment protocols, with and without hydrothermal treatment undertaken.  

 The utilisation of alternative technologies at a laboratory bench scale based on 

hydrothermal treatment with an air or oxygen load present for the extraction and oxidation 

for depletion of organic matter will be examined.  

 Analytical testing of the regenerated alum. The spent aluminium salts/complexes, as 

water insoluble precipitates, at near neutral pH, following being dewatered by established 

techniques, will be converted to aluminium sulphate by reaction with sulphuric acid, and 

the quality of this product checked by established analytical procedures, including 

measurement of residual metal ion and phosphorus levels. The intent here is to produce 

a product that would satisfy, at a minimum, currently accepted regulatory standards for 

use of chemicals for the treatment of water intended for human use, and its application in 

drinking water treatment should not have any adverse impacts on drinking water quality 

or public health.  

 A range of different physical/chemical property measurement methods and other 

characterisation procedures utilised for the characterisation/analysis of the starting 

materials and products generated from these procedures.  

4.2  Objectives 

4.2.1 Treatment with sulphuric acid  

The recommendations of transformation processes (Section 3.7) for the bench scale 

investigation gave a clear preference for acid treatment over alkaline treatment for alum 

recovery, based on an in-depth literature review. Various examples of alum recovery by 

sulphuric acid digestion have been reported in the peer reviewed scientific/engineering and 

patent literature (see Section 3.5.6). Factors to be taken into account include the strength of the 

sulphuric acid, the temperature, and the contact time. Further, detailed information on the 

recovery rates and the quality of the product is still required, particularly since the characteristics 
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of the regenerated alum is expected to show a strong dependency on the nature of the alum 

sludge as starting material. In principle, a pH value in the range between pH 1.0 and pH 4.0 is 

desirable to obtain a good recovery. Although the content of aluminium complexes determines 

the amount of sulphuric acid that is needed to achieve the desired pH value, due to the sludge 

buffering capacity, usually a greater than the stoichiometric amount of sulphuric acid is required.  

2 Al(OH)3 + 3 H2SO4 → Al2(SO4)3 + 6 H2O. 

This strategy has been implemented in some overseas locations, i.e. Japan, but through the use 

of highly concentrated sulphuric acid, which carries with it the attendant risks of OHSE hazards, 

handling and storage constraints and plant costs. The recovery may be also dependent on the 

total solids present during the extraction, the rate and time of stirring as well as the extraction 

temperature as well as other factors such as water content. Thus, due to variation of the 

compositions of alum sludge from different source water quality and water treatment processes, 

the selection of optimal alum extraction conditions can be expected to vary considerably. 

To this end, we have examined the sulphuric acid treatment of the three alum sludge samples 

provided, using as a starting point of our investigations a set of parameters that were chosen on 

the basis of past experience, dissection of key opportunities garnered from the scientific/patent 

literatures, and recognition that to have a practical, low cost technical solution to the problems 

associated with alum sludge regeneration, easily implemented approaches that could be readily 

applied at scale without onerous engineering requirements were needed.  

This scoping project thus focused on investigation utilising a single, generic non-selective 

transformation process (i.e. sulphuric acid leaching), for the purpose of optimising this process 

for application across different alum sludges. The specific objectives were:  

 to utilise alum sludges that are typical of different water treatment scenarios as test 

material for bench trials,  

 to prepare a short, targeted list of analytical parameters that would best characterise the 

quality of alum sludge relevant to the transformative processes selected,  

 to evaluate analytical methods for their suitability for alum sludge characterisation,  

 to develop experimental protocols that allows the transformation of alum sludge at the 

bench-scale, and  

 to assess whether the process is (potentially) capable of producing alum of a quality 

suitable for re-use in water treatment processes at large scale. 

4.2.2 Hydrothermal treatment  

Alum sludges usually have high moisture content, containing water up to 95% (w/w). The 

removal of water from sludge for subsequent reuse or disposal may account for a substantive 

proportion of the processing costs, including electricity requirements. Adaptations of emerging 

technologies that use the entrained water of sludges to overcome the expense and complexity 

of sludge dewatering have formed a basis of a second tier set of investigations. 

Water, raised simultaneously to high temperature and pressure, represents a solvation medium 

for the rapid gasification and – in an oxygen atmosphere – complete destruction of aqueous, 

organic matter. As the temperature and the pressure increases, water approaches a ‘critical 

point’, ≥374.2 °C and 211 MPa, above which it becomes ‘supercritical’.  

Hydrothermal decomposition methods (e.g., supercritical water gasification (SCWG), catalytic 

supercritical water gasification (CSCWG) and supercritical water oxidation (SCWO)) use the 

supercritical or near-supercritical state of water as a degradation medium for the organic 

substances contained in industrial or environmental sludges. Water, under supercritical 

conditions, changes from a polar solvent to a non-polar solvent as the transition from subcritical 
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to supercritical occurs according to the physical and thermodynamic constraints dictated by its 

phase diagram. For example, above supercritical conditions hydrocarbons become highly 

miscible in water and undergo thermochemical decomposition into carbon dioxide, carbon 

monoxide, water and thermal energy. Performed in a single reactor, these processes have an 

energy balance that can yield self-sufficient processing of a number of crude feedstocks, 

including different types of industrial or environmental sludges.    

This scoping project was thus intended to explore the use of a hydrothermal treatment for the 

different alum sludges as a processing step that could be used on its own (for the production of 

aluminium hydroxide) or potentially used in tandem, e.g. preceding the above alum sludge 

transformation with sulphuric acid (for the transformation of aluminium complexes/hydroxide into 

aluminium sulphate). The specific objectives were:  

 to assemble a pressure reactor and fluid-bed sand bath suitable for hydrothermal 

reactions at a temperature of ~ 380 °C. 

 to evaluate the use of a hydrothermal treatment for the alum at near-supercritical water 

conditions in the presence of air in order to oxidise the organic matter. 

4.3 Alum sludge samples 

The following alum sludge samples were investigated: 

4.3.1 South Gippsland Water alum sludge.  

The sample of alum sludge provided by South Gippsland Water (Figure 3) was a firm, dark 

brown sludge with the consistency of play-dough. It had a characteristic strong odour. The 

sample bucket was received 1
st
 May 2014.  

 

 

Figure 3 South Gippsland Water alum sludge. 

 

The South Gippsland Water alum sludge was collected at the Lance Creek water treatment 

plant (Scheme 1 and Scheme 2). The water treatment scheme includes the addition of 

potassium permanganate (KMnO4, 0-125 mg/L), aluminium sulphate (67 mg/L) and Magnafloc 

LT25 (BASF) polymer (60-80 mg/L). See Appendix A for further details.  
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Scheme 1 Schematic of Lance Creek water supply system (courtesy South Gippsland Water) 
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Scheme 2 Schematic of wash water system at Lance Creek water treatment plant (courtesy South Gippsland Water). 
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4.3.2 ACTEW Water alum sludge.  

The sample provided by ACTEW Water (Figure 4) was a chocolate brown sludge with a 

consistency similar to firm play-dough. The sample bucket was received late April 2014. 

 

 

Figure 4 ACTEW Water alum sludge. 

 

The ACTEW Water alum sludge was collected at the new Stromlo water treatment site (Scheme 

3). The water treatment scheme includes the addition hydrated lime (CaOH2), aluminium 

hydroxide (Poly aluminium chloride, PACI, Megapac-10, Al2(OH)3Cl), filter polymer LT22s (Ciba) 

and sludge polymer LT27AG (Ciba). See Appendix A for further details. 
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Scheme 3 Schematic of Stromlo water treatment process (courtesy of ACTEW Water) 
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4.3.3 Seqwater alum sludge.  

The sample of alum sludge provided by Seqwater (Figure 5) came as a loose liquid containing 

readily re-suspended solids. On standing these solids settle out of suspension quickly. The 

sample of sludge was received on 28
th
 April 2014. 

 

 

Figure 5 Seqwater alum sludge sample. 

 

The Seqwater alum sludge was collected at the North Pine water treatment plant (Scheme 4). 

The water treatment scheme includes the addition of poly aluminium chloride (PAC), anionic 

powder polymer Flopam AN 905 (SNF (UK) Ltd) and potassium permanganate (KMnO4) but 

was not dosed at the time the sludge sample was collected.   
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Scheme 4 Schematic of North Pine treatment plant process (courtesy of Seqwater). 
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4.4 Methodology 

4.4.1 Chemicals and reagents 

Sulphuric acid (Univar) was obtained from Thermo Scientific (Melbourne, Australia) and had a 

purity of 98.08%. Reverse osmosis (RO) water was obtained from an in-house Milli-Q water 

purification system (Millipore, Bedford, MA). 

4.4.2 Sampling 

The South Gippsland Water and ACTEW Water alum sludge samples were homogenised by 

repeatedly quartering and mixing samples, until the whole volume of the sample had the 

appearance of uniform colour and texture. Sub-samples, in the desired quantity for final use, of 

these homogenous bulks were then obtained in a systematic sampling manner. The Seqwater 

alum sludge sample was shaken vigorously to re-suspend the solids before being quickly 

decanted into a measuring vessel. 

4.4.3 Sample preparation for XRF analysis 

The alum sludge samples were dried in a vacuum oven (U-Lab, Melbourne, Australia) at -80 

kPa for a minimum of 8 hours at 105 °C, using air as a sweeping gas.  

In order to determine the Loss on Drying (LOD), the mass before and after drying was 

measured, and the LOD calculated based on the following equation:  

 Dry matter, %   =   
Mass of sample after drying (g)

Mass of sample before drying (g)
  ×   100           Equation 1 

The resulting dry solid samples were ground using a Retsch 200 ball mill (Haan, Germany) and 

sieved to a grain size <63 μm, using a sieve from Precision Eforming (New York, USA). 

4.4.4 Determination of organic matter content 

Organic matter was determined by the mass difference of a previously dried sample before and 

after thermal decomposition. Samples were weighed into a pre-dried ceramic crucible, then 

heated to 490 °C for 6 hours in a muffle furnace (Carbolite Limited, Hope, UK) in the presence 

of air. Samples were then re-weighed, and the organic matter calculated using the following 

equation: 

Organic matter, %   =   
Mass of sample after heating 490 °C (g)

Mass of sample dried at 105 °C(g)
  ×   100           Equation 2. 

4.4.5 pH measurements  

The pH values of the acidified alum sludge samples were measured with a combination Gel pH 

probe (Scientifix, Australia), attached to a Radiometer PHM210 standard pH meter (Radiometer 

Analytical SAS, Villeurbanne Cedex, France). Meter and probe were re-calibrated prior to each 

experiment using calibration buffers pH 4 #HC301539 (citric acid/sodium hydroxide/hydrogen 

chloride) and pH 7 #HC268117 (di-sodium hydrogen phosphate/potassium dihydrogen 

phosphate (Merck, Darmstadt, Germany).  

4.4.6 Elemental (CHN) analysis  

Elemental analysis was performed with an Elementar Analysensysteme GmbH (Hanau, 

Germany) VarioMicro cube using thermal conductivity detection (TCD) for CHN. The ground 

samples were weighed (3 to 6 mg) and wrapped in preformed 5 × 9 mm sized tin boats (Part# 

SC0148) obtained from Sercon Australia Pty. Ltd. (Fulham Gardens, Australia) and were used 

without further treatment. A calibration was performed using ca. 2-3 mg acetanilide as the 

authentic test sample, grade-labelled ‘test substance for elementary analysis’, #1.00011.0005 

(Merck, Darmstadt, Germany), C₈H₉NO. The carrier gases were high purity helium (>99,995% 
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purity) and oxygen (water < 3.0 ppm, CxHy <0.5 ppm) from Air Liquide (Melbourne, Australia). 

The base settings were gas flow through (MFC TCD): 198 mL/min, helium flow: 198 mL/min, 

oxygen flow: 15 mL/min, total pressure 1250 mbar. Analyses were performed with a 90 s 

oxygen injection for each sample in the CHN mode using a combustion temperature of 950 °C 

and a reduction temperature of 550 °C. For the standard, a 40 s oxygen injection was used. 

Instrument control and data processing was performed using the VarioMicro Software V1.9.4. 

29/10/2009 (Elementar Analysensysteme GmbH, Hanau, Germany). 

4.4.7 X-ray fluorescence spectroscopy  

Analysis of trace and minor elements in alum sludge and alum reference material samples was 

performed with X-ray fluorescence (XRF) spectroscopy using samples prepared as loose dried 

powder in XRF sample cups. Approximately 10 g of a ground and dried powder will be 

evaluated in a plastic cup with a diameter of 30 mm and closed with a 4 μm thick polypropylene 

foil. The loose powder was lightly pressed into the cups. 

All measurements were performed using a SPECTRO XEPOS HE spectrometer SPECTRO 

Analytical Instruments GmbH (Kleve, Germany), equipped with an air-cooled 50 W end window 

X-ray tube in combination with an 8-position secondary target changer for the excitation. The 

measurements were performed using the TurboQuant screening method TQ-Powder which 

uses the secondary targets molybdenum, aluminium oxide, cobalt and palladium. For the 

detection of fluorescence X-rays a high resolution large area 30 mm² Si-Drift Detector (SDD) 

with Peltier cooling was used. The spectral resolution (FWHM) of the SDD is 155 eV (Mn Kα). 

All measurements were performed by flushing the sample chamber with helium. Data analysis 

was performed within the X-LAB® Pro software version 5.1 Build 207. 

4.4.8 Alum sludge treatment with sulphuric acid  

Initial experiments of the alum sludge transformation with sulphuric acid were carried out in an 

open beaker (Duran®, Schott AG, Mainz, Germany), under constant stirring rate using an IKA
®
 

RCT stirrer (Rawang, Selangor, Malaysia). Stirring was performed with an overhead stirrer with 

four-bladed stainless steel impeller, at a rate of 500 rpm.  

A slurry of the alum sludge was made with/without the addition of RO water, depending on the 

water content of the alum sludge yielding a solids content of ca. 5% (w/w), and was 

incrementally adjusted to a final pH between pH 2 and pH 3 using 10% (v/v) sulphuric acid in 

10-20 mL increments. The mixture was stirred at a defined rate (see above) for a further 30 min 

after each addition and finally allowed to settle, and the settling behaviour of the treated slurry 

documented.  

Measurements were made of the input material (wet mass of sludge, calculated dry mass and 

aluminium content). After the acid treatment was completed, the resultant solid and liquid 

fractions were separated and the mass of undissolved solid material determined after drying, 

along with the resulting material from drying the liquid fraction. These fractions were analysed 

so that the amount of material transferred from the input solid to the acidified liquid, and the 

amount of aluminium transfer could be calculated. 

The initial experiments were conducted at the ambient laboratory temperature (nominally, 20 

°C). The possibility to perform the treatments at selected high temperatures is available, if 

required. Solid-liquid separation of the liquid phase containing the soluble Al2(SO4)3 and the 

solid-phase containing residual insoluble materials, and possible some aluminium 

complexes/residual Al(OH)3, was achieved with centrifugation at 4000 rpm for 60 min using a 

Carbolite SLA-1500 rotor and a Sorvall Evolution RC centrifuge (Thermo Scientific, Melbourne 

Australia), and the amount of recovered aluminium sulphate determined as described above.  

Both the solid fraction and the material obtained by evaporation of the liquid fraction were dried 

and weighed before being prepared for analysis. The aluminium content of each of the fractions 
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was measured by XRF spectroscopy to determine the amount extracted from the starting 

material. Analysis of trace and minor elements in samples was also performed by X-ray 

fluorescence spectroscopy. Elemental analysis was used to determine the organic contents, in 

terms of C, H and N content. A selection of samples was serial-diluted and analysed by an 

external laboratory using inductively coupled plasma optical emission spectrometry (ICP-OES) 

Varian 720/730-ES to determine the aluminium content (measured at 308.215 nm), as a quality 

assurance measure. 

The following Scheme 5 describes the experimental workflow employed for the alum sample 

transformation with sulphuric acid. For the ACTEW Water alum sample, additional sets of 

experiments were performed involving  

(a) Ashing In order to remove the organic matter from the alum sludge before the 

sulphuric acid extraction, a portion of the material was heated at 490 °C for 6 

hours in air. 

(b) Extraction at 40 °C Sulphuric acid extractions were conducted on the sludge at 

higher temperature to determine how temperature would affect extraction, 

(c) Multiple washes Two additional aqueous washes of the solid fraction were 

performed. 

In addition, recovery of solid aluminium hydroxide from the liquid sulphuric acid extracts is also 

shown. The table numbers refer to the results (see Section 4.5) from elemental analysis 

performed with XRF spectroscopy and elemental CHN analysis.  
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Scheme 5 Experimental workflow employed for the alum sample 

transformations using sulphuric acid (table numbers refer to the 

results from XRF and elemental CHN analysis). 

 

 

South Gippsland Water alum sludge 

A slurry of the South Gippsland Water alum sludge was made by suspending the material 

(typically
3
 samples in the range 150-220 g were employed for all of the studies with ‘solid’ alum 

sludge, in the example shown below, 192 g) in 600 mL of RO water in a 2 L beaker. This 

resulted in a loose slurry that was easy to stir using an overhead stirrer fitted with a stainless 

steel 4-bladed impeller. Setting the stir rate to 500 rpm ensured that the slurry mixed thoroughly, 

and all solids were suspended. The measured starting pH was 6.68. 

The pH was adjusted by addition of 10% (v/v) sulphuric acid in 10 mL increments. As foam 

formed when the acid was added to the slurry, the mixture was stirred for 15 minutes between 

additions, to allow gas to dissipate (identified as carbon dioxide by reaction with a saturated lime 

solution were calcium carbonate was produced as indicated by a ‘cloudiness’ of the solution) 

and the pH to stabilize (Figure 6). 

 

                                                      
3
   Note: The masses shown are representative of the laboratory scales employed, but clearly much larger quantities could be 

employed during scale-up to pilot scale or beyond. 
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Figure 6 South Gippsland Water alum sludge exhibited foaming on sulphuric 

acid addition. 

 

When a final pH of pH 2.5 was reached and observed to be stable (with a total of 180 mL of 

10% (v/v) sulphuric acid added), stirring was stopped and the mixture allowed to settle. 

Observations were made after a setting time of 1 hour (Figure 7), 3 hours (Figure 8), and after 

the slurry had sat overnight (Figure 9). 

 

Figure 7 Sulphuric acid treated South Gippsland Water alum sludge slurry, 

after 1 hour settling time. 

 

 

Figure 8 Sulphuric acid Treated South Gippsland Water alum sludge slurry, 

after 3 hours settling time. 
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Figure 9 Sulphuric acid treated South Gippsland Water alum sludge slurry, 

after settling for approx. 16 hours. 

 

This mixture was re-suspended and portioned into centrifuge containers, where the different 

components were separated by centrifugation at 4000 rpm for 60 minutes. The resulting liquid 

fraction was dark red and free from cloudiness. The solids were washed from the centrifuge 

containers with RO water and dried prior to analysis.  A portion of the liquid fraction was also 

dried for analysis. 
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ACTEW Water alum sludge 

A slurry of the ACTEW Water alum sludge was made by suspending the material (typically
4
 

samples in the range 150-220 g were employed for all of the studies with ‘solid’ alum sludge, in 

the example shown below 221 g (18 % dry weight)) in 600 mL of RO water in a 2 L beaker. This 

resulted in a loose slurry that was easy to stir using an overhead stirrer fitted with a stainless 

steel 4 bladed impeller. Setting the stir rate to 500 rpm ensured that the slurry mixed thoroughly, 

and all solids were suspended (Figure 10). The measured starting pH was 6.5 . 

 

 

Figure 10 Stirred slurry of ACTEW Water alum sludge. 

 

The pH was adjusted by the addition of 10 % (v/v) sulphuric acid in 10 mL increments. The 

mixture was stirred for 30 minutes between additions, to allow the pH reading to stabilize.  

When the final pH of 1.8 was reached and observed to be stable (total of 200 mL of 10 % (v/v) 

sulphuric acid added), stirring was stopped and the mixture allowed to settle. The observed 

settling characteristics of the slurry after 10 minutes (Figure 11), 3 hours (Figure 12), and 

overnight (Figure 13) are shown below. 

This mixture was re-suspended and portioned into centrifuge tubes, where it was separated by 

centrifugation at 4000 rpm for 60 minutes. The resulting liquid fraction was free from cloudiness. 

The solids were washed from the centrifuge tubes with RO water and dried prior to analysis. A 

portion of the liquid fraction was also dried for analysis. 

 

                                                      
4
   The masses shown are representative of the laboratory scales employed, but clearly much larger quantities could be 

employed during scale-up to pilot scale or beyond. 
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Figure 11 Sulphuric acid treated ACTEW Water alum sludge slurry, after 10 

minutes settling time 

 

 

Figure 12 Sulphuric acid treated ACTEW Water slurry, after 3 hours settling 

time 

 

 

Figure 13 Sulphuric acid treated ACTEW Water alum sludge slurry, after 

settling overnight (Approx. 16 hours) 
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Seqwater alum sludge 

As the Seqwater alum sludge sample was already a very loose slurry at delivery (liquid, with 

around 2% solids), a 2 L sample of this slurry was measured out and treated without further 

addition of water. In a 3 L beaker, this slurry was stirred using an overhead stirrer fitted with a 

stainless steel 4-bladed impeller. Setting the stir rate to 500 rpm ensured that the slurry mixed 

thoroughly, and all solids were suspended. The measured starting pH of this slurry was pH 6.54. 

The pH was adjusted by the addition of 10 % (v/v) sulphuric acid in 20 mL increments. The 

mixture was stirred for 30 minutes between additions, to allow the pH reading to stabilize 

(Figure 14). When the final pH of pH 2.00 was reached and observed to be stable (total of 160 

mL of acid added), the stirring was stopped and the mixture allowed settling (Figure 15). 

Acid addition yielded no evidence of evolved gas. The solids dropped out of solution relatively 

quickly after stirring stops, with only some haze and a light floc still suspended after a 16 h 

settling period (Figure 16). 

This mixture was re-suspended and portioned into centrifuge tubes, followed by centrifugation at 

4000 rpm for 60 minutes. The resulting liquid fraction was light yellow in colour and was free of 

cloudiness. The solids were washed from the centrifuge tubes with RO water and dried prior to 

analysis. A portion of the liquid fraction was also dried for analysis 

 

 

 

Figure 14 Stirred slurry of treated Seqwater alum sludge material 
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Figure 15 Sulphuric acid treated slurry Seqwater alum sludge. Stirring 

stopped 

 

 

Figure 16 Sulphuric acid treated Seqwater alum sludge slurry, after settling 

for 16 hours 
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4.4.9 Hydrothermal treatment of alum sludges 

Samples of each of the alum sludges were subjected to high-pressure, high-temperature 

conditions (approx. 220 MPa, high-temperature (380 °C) in the presence of air in order to 

decompose the organic matter.   

Each sample was sealed in a 100 mL pressure reactor (custom-built, Monash University), 

(Figure 17). The reactor assembly (Figure 18) was then heated in a fluid-bed sand bath 

(custom-built, Monash University) (Figure 19) so that the reactor contents were at a temperature 

of 380 °C for one hour. 

After cooling, the mass of gas generated was determined by weighing the reactor, venting the 

gas, and re-weighing the reactor. The treated solid material – containing the aluminium 

hydroxide/oxide complex – was then removed from the reactor and subjected to elemental 

aluminium analysis.  

 

 

Figure 17 Sealing the 100 mL pressure reactor 
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Figure 18 100 mL pressure reactor and carrier assembly 

 

 

Figure 19 Pressure reactor lowered into fluid-bed sand-bath 
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4.4.10 Recovery of solid aluminium hydroxide from liquid sulphuric acid 

extracts 

The recovery of solid aluminium hydroxide from liquid sulphuric acid extracts was performed as 

a two-step process. The first step involved the removal of organic compounds that give rise to 

the discolouration of the extract with activated carbon, followed by the precipitation of the 

aluminium as it’s hydroxide. Activated carbon was added to the liquid extract, incubated for one 

hour and the mixture filtered. The filtrate, containing soluble aluminium sulphate, was collected, 

and returned to a beaker stirred with a magnetic flea. The second step involved the precipitation 

of alum as aluminium hydroxide which was achieved by adjusting the pH of the solution to 

approximately pH 7 using NaOH. The suspension was subjected to centrifugation in order to 

pellet the insoluble aluminium hydroxide solid.  

The alum sludge extracts generated were all acidic, and contained a high amount of organic 

colour (with the exception of the extract generated from the ashed input material). One 

aluminium recovery method that held promise involved the treatment of the acidic extract with 

activated carbon, followed by the recovery of the aluminium species after precipitation of its 

oxide from solution. 

The following procedures are indicative of the approaches employed. Activated carbon was 

added to 700 mL of the combined acid extracts 1 and 2 from the sample with multiple washes 

(from the ACTEW sludge (chosen because of their relative freshness compared to the other 

extracts on hand). Carbon was added at a rate of approximately 7 g/100 mL of liquid extract. 

After approximately one hour of contact time, this mixture was filtered. This carbon treatment 

successfully removed the bulk of the colour from the solution, leaving the resulting filtrate a pale 

yellow colour (Figure 20). 

 

 

Figure 20 Filtrate of the sulphuric acid extract post carbon treatment 
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The filtrate was collected, and returned to a beaker stirred with a magnetic flea. This solution 

was then adjusted to approximately pH 7 using NaOH, causing the formation of a light coloured 

solid (Figure 21). 

 

Figure 21 Precipitated solid aluminium hydroxide at pH 7 

 

When the stirring was stopped, the solids begun to separate from the bulk.  Decanting the clear 

liquid was an option, but in order to maximise the recovery in this experiment the fractions were 

separated by centrifugation (4500 rpm/hour), yielding a clear liquid, and an off-white gelatinous 

solid (Figure 22). 

 

Figure 22 Recovered alum solid (front) and spent liquid fraction (in measuring 

cylinder) 
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A portion of each of the solid and liquid fractions was taken and prepared for analysis by drying 

and milling (Figure 23). 

 

 

Figure 23 Samples prepared for analysis. L-R: Recovered alum solid, dried 

liquid fraction, liquid fraction 
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4.5 Results 

In the following sections, the results for each of the three alum sludges samples are presented. 

The properties of the South Gippsland Water sample, the ACTEW Water sample and the 

Seqwater sample are summarised for their: 

 initial (analytical) characterisation,  

 aluminium extraction with sulphuric acid to produce aluminium sulphate, and  

 hydrothermal treatment to produce aluminium hydroxide with reduced organic matter 

content. 

In addition, the recovery of solid aluminium hydroxide from liquid sulphuric acid extracts was 

established.  

4.5.1 South Gippsland Water alum sludge sample 

Initial characterisation 

Before samples of this alum sludge material were used in any transformation experiments, it 

was characterised for water content (LOD), organic material content (ash), and metals analysed 

by XRF spectroscopy. The South Gippsland Water alum sludge was composed of 14.6% (w/w) 

solids, of which 46% (w/w) were organic matter. The results for the analysis of trace and minor 

elements in this alum sludge determined with XRF spectroscopy are shown in Table 3. 

 

Table 3 XRF spectroscopy analysis of dried South Gippsland Water alum 

sludge 

Analyte % 

Na 0.565 

Mg 0.225 

Al 17.170 

Si 1.763 

P 0.099 

S 0.599 

K 0.065 

Ca 0.299 

Cr 0.004 

Mn 0.596 

Fe 0.398 

Co <0.001 

Ni 0.001 

Cu 0.036 

Zn 0.002 

As 0.001 

Cd <0.001 

Hg <0.001 

Pb <0.001 
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Treatment with sulphuric acid 

In this treatment, the South Gippsland Water alum sludge was treated with 10% (v/v) sulphuric 

acid (as described in Section 4.4.8) to convert the insoluble aluminium hydroxide into soluble 

aluminium sulphate. Measurements the input material (wet mass of sludge, calculated dry mass 

and aluminium content) and resultant solid and liquid fractions were analysed to determine the 

amount of aluminium transferred from the input solid to the acidified liquid (Table 4). 

 

Table 4 Summary of South Gippsland Water alum extraction 

Alum 
sludge 
material 
used 

Water 
in 
sludge 

 

% 

Wet 
mass 
used in 
reaction 

 

g 

Equivalent 
dry mass 

 

g 

Aluminium 
in input 
material 
(on dry 
basis) 

 

g (%) 

Dry mass 
after 
extraction 

 

g 

Aluminium 
remaining 
in solid 
after 
extraction 
(on dry 
basis) 

 

g (%) 

Mass 
transferred 
to liquid 
fraction 
from 
starting 
material 

 

g  (%) 

Carbon 
content 
in dried 
liquid 
extract  

 

% 

Aluminium 
extracted 
from input 
solid 

 

g  (%) 

SGW 85.4 192.1 27.8 4.7 (17.2%) 8.5 0.6 (7.3%) 19.2 (69%) 5.7 4.1 (87%) 

 

Samples from the above transformation were analysed by XRF spectroscopy and elemental 

analysis in order to track the elemental analytes through the extraction process. Note that the 

increases in sulphur values are due to the addition of sulphuric acid to the system in order to 

make aluminium sulphate from its oxide (Table 5). 

The aluminium content of the South Gippsland Water alum sludge was determined to be 17.17 

% of the dry weight. Determination of the N, C and H content with elemental analysis 

documented that a substantive proportion of the organic matter was transferred to the liquid 

phase. Tracking of individual elements with XRF spectroscopy through the transformation 

process show that some elements were predominantly found in the solid fraction (i.e., K, Fe), 

some predominantly in the liquid fraction (i.e., Mg, Ca, Mn) and some in both.  
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Table 5 Summary of elemental analysis for transformation of South Gippsland 

Water alum sludge  

Analyte Starting 
material 

 

% 

Extracted 
solid 

 

% 

Dried 
liquid 
fraction 

 

% 

Mass of 
analyte in 
starting 
material 

 

g 

Mass of 
analyte in 
extracted 
solid 

 

g 

Mass loss 
from 
starting 
material 

 

g 

Mass transferred 
from starting 
solid to liquid 
fraction 

 

% 

Calculated 
mass of 
analyte in 
liquid fraction 

 

g 

N 1.50 2.16 0.38 0.42 0.18 0.23 55.6 0.19 

C 17.86 19.58 5.74 4.96 1.67 3.29 66.3 2.82 

H 3.65 3.56 3.49 1.01 0.30 0.71 70.0 1.72 

Na 0.565 1.909 2.858 0.157 0.163 -0.006 -3.9 1.406 

Mg 0.225 0.173 0.131 0.063 0.015 0.048 76.4 0.065 

Al 17.170 7.260 10.990 4.769 0.620 4.149 87 5.406 

Si 1.763 7.158 0.092 0.490 0.611 -0.122 -24.8 0.045 

P 0.099 0.169 0.034 0.027 0.014 0.013 47.4 0.017 

S 0.599 9.155 18.210 0.166 0.782 -0.615 -370 8.958 

K 0.065 0.195 0.015 0.018 0.017 0.001 7.1 0.007 

Ca 0.299 0.133 0.198 0.083 0.011 0.072 86.3 0.098 

Cr 0.004 0.006 0.001 0.001 <0.001 0.001 59.9 0.001 

Mn 0.596 0.515 0.359 0.166 0.044 0.122 73.5 0.176 

Fe 0.398 1.198 0.084 0.110 0.102 0.008 7.4 0.041 

Co <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 4.7 <0.001 

Ni 0.001 0.001 <0.001 <0.001 <0.001< <0.001 45.2 <0.001 

Cu 0.036 0.079 0.012 0.010 0.007 0.003 31.8 0.006 

Zn 0.002 0.003 0.001 <0.001 <0.001 <0.001 51.8 <0.001 

As 0.001 0.002 <0.001 <0.001 <0.001 <0.001 53.6 <0.001 

Cd <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 7.8 <0.001 

Hg <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 75.4 <0.001 

Pb <0.001 0.001 <0.001 <0.001 <0.001 <0.001 47.5 <0.001 
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Hydrothermal treatment  

In this hydrothermal treatment, a sample (12 g) of the South Gippsland Water alum sludge was 

subjected to high-pressure (approx. 220 MPa, high-temperature (380 °C) conditions in the 

presence of air in order to decompose the organic matter using only the water contained within 

the sludge. The recovered amounts of aluminium and the organic matter contents of the alum 

sludge before and after the treatment are listed in Table 6. The oxidation of the organic material 

to carbon dioxide did not occur in air – as opposed to oxygen - and the organic carbon appears 

to have been transformed to carbon char. It can be seen that no reduction in carbon content 

was achieved using the limited amount of oxygen in air. For these reasons a liquid phase 

analysis for CH&N was not carried out.    

 

Table 6 Summary of supercritical water extraction on South Gippsland Water 

alum sludge 

Mass of 
South 
Gippsland 
Water alum 
sludge used 

 

g 

Aluminium (on 
dry basis) of 
input sludge 

 

% 

Aluminium in 
liquid phase 

 

% 

Input sludge (dried 
sample) 

Treated material 
(dried) 

%N %C %H %N %C %H 

12 17 0 1.5 17.4 3.5 0.9 13.0 2.5 
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4.5.2 ACTEW Water alum sludge sample 

Initial characterisation 

Before samples of this alum sludge material were used in any transformation experiments, it 

was characterised for water content (LOD), organic material content (ash), and metals analysed 

by XRF spectroscopy. The ACTEW Water alum sludge was composed of 18% (w/w) solids, of 

which 56% (w/w) were organic matter. The results for the analysis of trace and minor elements 

in the alum sludge determined with XRF spectroscopy are shown in Table 7. 

 

Table 7 XRF spectroscopy analysis of dried ACTEW Water alum sludge 

Analyte % 

Na 0.701 

Mg 0.274 

Al 15.810 

Si 4.978 

P 0.108 

S 0.292 

K 0.109 

Ca 0.339 

Cr 0.004 

Mn 0.267 

Fe 3.564 

Co 0.002 

Ni 0.002 

Cu 0.004 

Zn 0.004 

As 0.004 

Cd <0.001 

Hg <0.001 

Pb 0.001 
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Treatment with sulphuric acid 

In this treatment, the ACTEW Water alum sludge was treated with 10% (v/v) sulphuric acid (as 

described in Section 4.4.8) to convert the insoluble aluminium hydroxide into soluble aluminium 

sulphate. Measurements of the input material (wet mass of sludge, calculated dry mass and 

aluminium content) and resultant solid and liquid fractions were analysed to determine the 

amount of aluminium transferred from the input solid to the acidified liquid (Table 8). The liquid 

sulphuric acid extract had a light brown colour and dried to a light yellow solid. 

Ashing When extraction was performed on the ashed sample, no improvement in aluminium 

extraction was observed (Table 8).  

Extraction at 40 °C When the extraction was performed at 40 °C, no improvement in aluminium 

extraction over ambient temperature (nominally 20°C) was observed (Table 8). 

Multiple washes When two additional aqueous washes of the solid fraction were performed, a 

significant improvement of aluminium extraction was observed (Table 8). 

 

Table 8 Summary of ACTEW Water sludge extraction from whole sample and 

ashed sample as input 

Alum 
sludge 
material 
used 

Water 
in 
sludge 

 

% 

Wet 
mass 
used in 
reaction 

 

g 

Equivalent 
dry mass 

 

g 

Aluminium 
in input 
material 
(on dry 
basis) 

 

g (%) 

Dry mass 
after 
extraction 

 

g 

Aluminium 
remaining 
in solid 
after 
extraction 
(on dry 
basis) 

 

g (%) 

Mass 
transferred 
to liquid 
fraction 
from 
starting 
material 

 

g  (%) 

Carbon 
content in 
dried 
liquid 
extract  

 

% 

Aluminium 
extracted 
from input 
solid 

 

g  (%) 

ACTEW  82 221.7 39.6 6.3 (15.8%) 17.5 0.76 (12%)  22.1 (56%) 6.8 5.4 (88%) 

ACTEW 

 ashed  

0 - 25.1 7.6 (30.5%) 12.4 1.45 (19%) 12.7 (51%) 0 6.2 (81%) 

ACTEW 

40°C 
82 221.6 39.6 6.3 (16.0%) 18.7 1.04 (16%) 21.0 (53%) 7.0 5.3 (84%) 

ACTEW 

+2 washes 
82 221.5 39.6 6.1 (15.5%) 9.1 0.25 (4%) 30.5 (77%) 6.8 5.87 (96%) 

 

Samples from the various sulphuric acid transformations were analysed by XRF spectroscopy 

and elemental analysis in order to track analytes through the extraction process. Note that the 

increases in sulphur values are due to the addition of sulphuric acid to the system in order to 

make aluminium sulphate from its oxide (Table 9, Table 10, Table 11 & Table 12). 

The aluminium content of the ACTEW Water alum sludge was determined to be 15.81% of the 

dry weight. Determination of the N, C and H content with elemental analysis documented that a 

substantive proportion of the organic matter was transferred to the liquid phase. Tracking of 

individual elements with XRF spectroscopy through the transformation process show that some 

elements were predominantly found in the solid fraction (i.e., Si, K, Ti), some predominantly in 

the liquid fraction (i.e., Mn, Fe) and some in both. 
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Table 9 Summary of elemental analysis for transformation of ACTEW Water 

alum sludge  

Analyte  Starting 
material  

 

% 

Extracted 
solid  

 

% 

Dried 
liquid 
fraction 

 

% 

Mass of 
analyte in 
starting 
material 

 

g 

Mass of 
analyte in 
extracted 
solid 

 

g 

Mass loss 
from 
starting 
material 

 

g 

Mass transferred 
from starting 
solid to liquid 
fraction 

 

% 

Calculated 
mass of 
analyte in 
liquid fraction 

 

g 

N 1.39 2.24 0.37 0.55 0.39 0.16 28.9 0.19 

C 22.21 25.87 6.81 8.80 4.53 4.28 48.6 3.56 

H 3.798 3.42 2.77 1.51 0.60 0.91 60.2 1.45 

Na 0.701 1.454 3.160 0.278 0.368 -0.090 -32.2 1.182 

Mg 0.281 0.177 0.175 0.111 0.031 0.080 72.3 0.092 

Al 15.550 4.350 9.942 6.164 0.761 5.402 87.6 5.195 

Si 4.935 9.604 0.566 1.956 1.681 0.275 14.1 0.296 

P 0.104 0.140 0.025 0.041 0.024 0.017 40.8 0.013 

S 0.291 6.531 19.650 0.115 1.143 -1.028 -891.9 10.268 

K 0.108 0.195 0.020 0.043 0.034 0.009 20.0 0.010 

Ca 0.334 0.103 0.216 0.132 0.018 0.114 86.4 0.113 

Ti 0.034 0.061 0.004 0.013 0.011 0.003 19.8 0.002 

V 0.005 0.002 0.002 0.002 0.000 0.002 79.1 0.001 

Cr 0.004 0.003 0.001 0.002 0.001 0.001 68.7 0.001 

Mn 0.264 0.063 0.178 0.105 0.011 0.094 89.5 0.093 

Fe 3.566 2.574 1.721 1.413 0.450 0.963 68.1 0.899 

Co 0.002 0.001 0.001 0.001 0.000 0.001 69.7 0.001 

Ni 0.002 0.002 0.001 0.001 0.000 0.000 62.9 0.001 

Cu 0.004 0.005 0.002 0.002 0.001 0.001 44.2 0.001 

Zn 0.004 0.003 0.002 0.002 0.000 0.001 69.0 0.001 

As 0.004 0.005 0.001 0.002 0.001 0.001 48.5 0.001 

Br 0.035 0.027 0.013 0.014 0.005 0.009 65.6 0.007 

Mo <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 58.4 <0.001 

Rh <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 55.8 <0.001 

Pd <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 73.5 <0.001 

Cd <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 55.8 <0.001 

Sn <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 19.1 <0.001 

Sb <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 21.5 <0.001 

Hg <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 55.8 <0.001 

Pb 0.001 0.001 0.001 0.000 0.000 0.000 48.7 0.000 
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Table 10 Summary of elemental analysis for transformation of ashed ACTEW 

Water alum sludge  

Analyte  Starting 
material  

 

% 

Extracted 
solid  

 

% 

Dried 
liquid 
fraction  

 

% 

Mass of 
analyte in 
starting 
material 

 

g 

Mass of 
analyte in 
extracted 
solid 

 

g 

Mass loss 
from 
starting 
material 

 

g 

Mass transferred 
from starting 
solid to liquid 
fraction 

 

% 

Calculated mass 
of analyte in 
combined liquid 
fractions^ 

 

g 

N 0.01 0.08 0.02 0.00 0.01 -0.01 -280 0.01 

C 0.13 0.04 0.00 0.03 0.01 0.03 84 0.00 

H 0.16 1.77 3.08 0.04 0.22 -0.19 -478 1.72 

Na 0.740 1.420 3.152 0.185 0.180 0.005 2.7 1.76 

Mg 0.492 0.235 0.099 0.123 0.030 0.093 75.8 0.06 

Al 30.470 11.770 8.853 7.633 1.495 6.138 80.4 4.94 

Si 10.190 16.490 0.513 2.553 2.094 0.458 18.0 0.29 

P 0.196 0.074 0.050 0.049 0.009 0.040 80.8 0.03 

S 0.543 6.019 17.660 0.136 0.764 -0.628 -461.9 9.85 

K 0.207 0.286 0.028 0.052 0.036 0.016 29.9 0.02 

Ca 0.642 0.259 0.236 0.161 0.033 0.128 79.6 0.13 

Cr 0.005 0.004 0.001 0.001 0.000 0.001 61.2 0.00 

Mn 0.513 0.363 0.151 0.128 0.046 0.082 64.1 0.08 

Fe 6.397 6.518 1.545 1.602 0.828 0.775 48.3 0.86 

Co 0.007 0.003 0.001 0.002 0.000 0.001 81.2 0.00 

Ni 0.003 0.002 0.001 0.001 0.000 0.000 57.7 0.00 

Cu 0.008 0.005 0.003 0.002 0.001 0.001 68.8 0.00 

Zn 0.007 0.005 0.002 0.002 0.001 0.001 62.1 0.00 

As 0.008 0.008 0.002 0.002 0.001 0.001 53.1 0.00 

Br 0.046 0.007 0.022 0.012 0.001 0.011 92.1 0.01 

Mo 0.000 0.000 0.000 0.000 0.000 0.000 36.1 0.00 

Cd 0.000 0.000 0.000 0.000 0.000 0.000 49.3 0.00 

Sn 0.000 0.000 0.000 0.000 0.000 0.000 10.5 0.00 

Sb 0.000 0.000 0.000 0.000 0.000 0.000 57.8 0.00 

Hg 0.000 0.000 0.000 0.000 0.000 0.000 55.6 0.00 

Pb 0.002 0.003 0.001 0.000 0.000 0.000 20.4 0.00 

^Lower recovery than expected – Solid phase was still very ‘wet’ with liquid extract.  
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Table 11 Summary of elemental analysis for transformation of ACTEW Water 

alum sludge 40 °C  

Analyte  Starting 
material  

 

% 

Extracted 
solid  

 

% 

Dried 
liquid 
fraction  

 

% 

Mass of 
analyte in 
starting 
material 

 

g 

Mass of 
analyte in 
extracted 
solid 

 

g 

Mass loss 
from 
starting 
material 

 

g 

Mass transferred 
from starting 
solid to liquid 
fraction 

 

% 

Calculated 
mass of 
analyte in 
liquid fraction 

 

g 

N 1.39 2.00 0.38 0.55 0.37 0.18 32.1 0.20 

C 22.21 22.61 7.00 8.80 4.22 4.58 52.1 3.63 

H 3.798 3.15 2.61 1.50 0.59 0.92 61.0 1.36 

Na 0.727 1.558 3.173 0.29 0.29 0.00 -0.9 1.65 

Mg 0.268 0.159 0.150 0.11 0.03 0.08 72.0 0.08 

Al 16.000 5.589 9.457 6.34 1.04 5.30 83.6 4.90 

Si 5.001 9.567 0.548 1.98 1.78 0.20 10.0 0.28 

P 0.106 0.127 0.026 0.04 0.02 0.02 43.6 0.01 

S 0.295 7.283 19.840 0.12 1.36 -1.24 -1062.9 10.29 

K 0.109 0.187 0.018 0.04 0.03 0.01 19.2 0.01 

Ca 0.342 0.111 0.217 0.14 0.02 0.11 84.8 0.11 

Cr 0.034 0.065 0.004 0.01 0.01 0.00 10.1 <0.01 

Mn 0.005 0.004 0.002 <0.01 <0.01 0.00 62.3 <0.01 

Fe 0.004 0.003 0.001 <0.01 <0.01 0.00 67.6 <0.01 

Co 0.269 0.081 0.177 0.11 0.02 0.09 85.8 0.09 

Ni 3.551 2.616 1.751 1.41 0.49 0.92 65.3 0.91 

Cu 0.002 0.002 0.001 <0.01 <0.01 <0.01 69.1 <0.01 

Zn 0.002 0.002 0.001 <0.01 <0.01 <0.01 60.0 <0.01 

As 0.004 0.005 0.002 <0.01 <0.01 <0.01 46.2 <0.01 

Br 0.004 0.003 0.002 <0.01 <0.01 <0.01 66.6 <0.01 

Mo 0.004 0.004 0.002 <0.01 <0.01 <0.01 57.5 <0.01 

Cd 0.035 0.028 0.009 0.01 0.01 0.01 62.2 <0.01 

Sn <0.001 <0.001 <0.001 <0.01 <0.01 <0.01 68.6 <0.01 

Sb <0.001 <0.001 <0.001 <0.01 <0.01 <0.01 58.4 <0.01 

Hg <0.001 <0.001 <0.001 <0.01 <0.01 <0.01 52.9 <0.01 

Pb 0.001 0.001 0.001 <0.01 <0.01 <0.01 54.0 <0.01 
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Table 12 Summary of elemental analysis for transformation of ACTEW Water 

alum sludge after repeated extractions 

Analyte  Starting 
material  

 

% 

Extracted 
solid  

 

% 

Dried 
liquid 
fraction 
1 

 

% 

Dried 
liquid 
fraction 
2 

 

% 

Mass of 
analyte in 
starting 
material 

 

g 

Mass of 
analyte in 
extracted 
solid 

 

g 

Mass loss 
from 
starting 
material 

 

g 

Mass 
transferred 
from starting 
solid to liquid 
fraction 

 

% 

Calculated 
mass of 
analyte in 
combined 
liquid 
fractions  

 

g 

N 1.39 3.55 0.43 0.43 0.55 0.32 0.23 41.5 0.24 

C 22.21 23.34 6.75 7.73 8.80 2.12 6.68 75.9 3.77 

H 3.80 2.35 2.56 3.30 1.50 0.21 1.29 85.8 1.45 

Na 0.667 0.738 3.159 3.255 0.26 0.07 0.20 74.7 1.89 

Mg 0.272 0.188 0.174 0.108 0.11 0.02 0.09 84.2 0.73 

Al 15.460 2.762 9.948 9.919 6.12 0.25 5.87 95.9 5.52 

Si 4.688 15.640 0.558 0.585 1.86 1.42 0.44 23.6 0.32 

P 0.101 0.254 0.026 0.023 0.04 0.02 0.02 42.6 0.02 

S 0.273 0.695 19.340 19.460 0.11 0.06 0.05 41.8 10.82 

K 0.107 0.337 0.018 0.022 0.04 0.03 0.01 27.9 0.01 

Ca 0.335 0.062 0.224 0.221 0.13 0.01 0.13 95.8 0.13 

Ti 0.033 0.108 0.004 0.004 0.01 0.01 0.00 26.1 0.00 

V 0.005 0.004 0.002 0.003 0.00 0.00 0.00 84.1 0.00 

Cr 0.004 0.006 0.002 0.002 0.00 0.00 0.00 64.7 0.00 

Mn 0.263 0.085 0.167 0.183 0.10 0.01 0.10 92.6 0.10 

Fe 3.516 4.530 1.611 1.251 1.39 0.41 0.98 70.5 0.88 

Co 0.003 0.001 0.000 0.001 0.00 0.00 0.00 89.7 0.00 

Ni 0.002 0.002 0.001 0.001 0.00 0.00 0.00 69.5 0.00 

Cu 0.004 0.008 0.002 0.002 0.00 0.00 0.00 55.5 0.01 

Zn 0.004 0.004 0.002 0.003 0.00 0.00 0.00 77.6 0.00 

As 0.005 0.009 0.002 0.001 0.00 0.00 0.00 55.0 0.00 

Br 0.036 0.035 0.008 0.011 0.01 0.00 0.01 77.2 0.00 

Cd 0.000 0.000 0.000 0.000 0.00 0.00 0.00 91.7 0.00 

Sn 0.000 0.000 0.000 0.000 0.00 0.00 0.00 67.3 0.00 

Hg 0.000 0.000 0.000 0.000 0.00 0.00 0.00 54.2 0.00 

Pb 0.001 0.002 0.001 0.000 0.00 0.00 0.00 49.8 0.00 
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Hydrothermal treatment 

In this hydrothermal treatment a sample (12 g) of the ACTEW Water alum sludge was subjected 

to high-pressure, high-temperature conditions in the presence of air in order to decompose the 

organic matter using only the water contained within the sludge. The recovered amounts of 

aluminium (as salts/complexes) and the organic matter contents of the alum sludge before and 

after the treatment are listed in Table 13. The oxidation of the organic material to carbon dioxide 

did not occur in air – as opposed to oxygen - and the organic carbon appears to have been 

transformed to carbon char. It can be seen that no reduction in carbon content was achieved 

using the limited of oxygen in air. For these reasons a liquid phase analysis for CH&N was not 

carried out.  

Table 13 Summary of supercritical water extraction on ACTEW Water alum 

sludge 

Mass of 
ACTEW 
Water alum 
sludge 
used 

g 

Aluminium (on 
dry basis) of 
input sludge 

% 

Aluminium 
in liquid 
phase 

 

% 

Input sludge (dried 
sample 

Treated material (dried) 

%N %C %H %N %C %H 

12 16 0.00 1.5 23.9 4.1 1.2 19.1 2.6 
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4.5.3 Seqwater alum sludge sample 

Initial characterisation 

Before samples of this alum sludge material were used in any transformation experiments, it 

was characterised for water content (LOD), organic material content (ash), and metals analysed 

by XRF spectroscopy. This Seqwater alum sludge was composed of 1.5% (w/w) solids, of which 

56% (w/w) was organic matter. The results for the analysis of trace and minor elements in the 

alum sludge determined with XRF spectroscopy are shown in Table 14. 

Table 14 XRF spectroscopy analysis of dried Seqwater alum sludge 

 
Analyte 

%  

Na 0.863 

Mg 0.312 

Al 18.070 

Si 2.407 

P 0.079 

S 1.205 

K 0.081 

Ca 0.198 

Cr 0.014 

Mn 0.445 

Fe 0.765 

Co 0.001 

Ni 0.002 

Cu 0.002 

Zn 0.002 

As 0.009 

Cd <0.001 

Hg <0.001 

Pb <0.001 
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Treatment with sulphuric acid 

In this treatment, the Seqwater alum sludge was treated with 10% (v/v) sulphuric acid (as 

described in Section 4.4.8) to convert the insoluble aluminium hydroxide into soluble aluminium 

sulphate. Measurements of the input material (wet mass of sludge, calculated dry mass and 

aluminium content) and resultant solid and liquid fractions were analysed to determine the 

amount of aluminium transferred from the input solid to the acidified liquid (Table 15). 

Table 15 Summary of Seqwater sludge extraction 

Alum 
sludge 
material 
used 

Water 
in 
sludge 

 

% 

Wet 
mass 
used in 
reaction 

 

g 

Equivalent 
dry mass 

 

g 

Aluminium 
in input 
material 
(on dry 
basis) 

 

g (%) 

Dry mass 
after 
extraction 

 

g 

Aluminium 
remaining 
in solid 
after 
extraction 
(on dry 
basis) 

 

g (%) 

Mass 
transferred 
to liquid 
fraction 
from 
starting 
material 

 

g  (%) 

Carbon 
content 
in dried 
liquid 
extract  

 

(%) 

Aluminium 
extracted 
from input 
solid 

 

g  (%) 

Seqwater 98.6 2000 28.4 5.1 (18.0%) 13 0.4 (3.0%) 15.4 (54%) 3 4.7 (92%) 

 

Samples from the above transformation were analysed by XRF spectroscopy and elemental 

analysis in order to track analytes through the extraction process. Note that the increases in 

sulphur values are due to the addition of sulphuric acid to the system in order to make 

aluminium sulphate from its oxide (Table 16). 

The aluminium content of the Seqwater alum sludge was determined to be 18.07% of the dry 

weight. Determination of the N, C and H content with elemental analysis documented that a 

substantive proportion of the organic matter was transferred to the liquid phase. Tracking of 

individual elements with XRF spectroscopy through the transformation process show that some 

elements were predominantly found in the solid fraction (i.e., Cu) and some predominantly in the 

liquid fraction (i.e., Mn).  
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Table 16 Summary of elemental analysis for transformation of Seqwater alum 

sludge  

Analyte  Starting 
material  

 

% 

Extracted 
solid  

 

% 

Dried 
liquid 
fraction 

 

% 

Mass of 
analyte in 
starting 
material 

 

g 

Mass of 
analyte in 
extracted 
solid 

 

g 

Mass loss 
from 
starting 
material 

 

g 

Mass transferred 
from starting 
solid to liquid 
fraction 

 

% 

Calculated 
mass of 
analyte in 
liquid fraction 

 

g 

N 1.15 1.58 0.24 0.33 0.21 0.12 37.2 0.09 

C 30.30 54.83 3.05 8.61 7.12 1.48 17.2 1.15 

H 2.66 2.46 3.65 0.75 0.32 0.43 57.6 1.37 

Na 0.863 1.519 2.920 0.245 0.197 0.048 19.5 1.100 

Mg 0.312 0.209 0.116 0.088 0.027 0.061 69.4 0.044 

Al 18.070 3.011 9.740 5.132 0.391 4.741 92.4 3.668 

Si 2.407 3.746 0.416 0.684 0.487 0.197 28.8 0.157 

P 0.079 0.084 0.022 0.022 0.011 0.011 51.1 0.008 

S 1.205 4.394 19.320 0.342 0.571 -0.229 -66.8 7.276 

K 0.081 0.118 0.023 0.023 0.015 0.008 33.6 0.008 

Ca 0.198 0.072 0.113 0.056 0.009 0.047 83.5 0.043 

Cr 0.014 0.019 0.001 0.004 0.003 0.002 37.5 0.001 

Mn 0.445 0.074 0.272 0.126 0.010 0.117 92.4 0.102 

Fe 0.765 0.755 0.237 0.217 0.098 0.119 54.8 0.089 

Co 0.001 0.001 <0.001 <0.001 <0.001 <0.001 29.9 <0.001 

Ni 0.002 0.003 0.001 0.001 <0.001 <0.001 41.8 <0.001 

Cu 0.002 0.004 <0.001 0.001 0.001 <0.001 3.5 <0.001 

Zn 0.002 0.002 0.001 0.001 <0.001 <0.001 44.2 <0.001 

As 0.009 0.006 0.003 0.002 0.001 0.002 67.1 0.001 

Cd <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 92.4 <0.001 

Hg <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 21.6 <0.001 

Pb <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 45.1 <0.001 
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Hydrothermal treatment 

In this hydrothermal treatment a sample (10 mL) of the Seqwater alum sludge was subjected to 

high-pressure, high-temperature conditions in the presence of air in order to decompose the 

organic matter using only the water contained within the sludge. The recovered amounts of 

aluminium (as salts/complexes) and the organic matter contents of the alum sludge before and 

after the treatment are listed in Table 17. The oxidation of the organic material to carbon dioxide 

did not occur in air – as opposed to oxygen - and the organic carbon appears to have been 

transformed to carbon char. It can be seen that no reduction in carbon content was achieved 

using the limited of oxygen in air. For these reasons a liquid phase analysis for CH&N was not 

carried out.       

 

Table 17 Summary of supercritical water extraction on Seqwater alum sludge 

Volume of 
Seqwater 
alum sludge 
used 

mL 

Aluminium (on 
dry basis) of 
input sludge 

% 

Aluminium in 
liquid phase 

 

% 

Input sludge (dried 
sample 

Treated material 
(dried) 

%N %C %H %N %C %H 

10 18 0.00 1.2 30.3 2.8 0.6 31.7 2.1 
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4.5.4 Example recovery of solid aluminium hydroxide from liquid sulphuric 

acid extracts. 

The solids produced in the recovery of alum from the sulphuric acid extract, when milled had a 

cream to light tan colour. Scheme 6 documents the visual appearance of individual samples 

within the experimental workflow scheme employed for the alum sample transformation with 

sulphuric acid.   

Aluminium (as salts/complexes) accounts for nearly a third of the recovered solid, with Fe being 

the largest impurity not added to the reaction system (e.g., S from added sulphuric acid and Na 

from the sodium hydroxide used), see Table 18. Measured analytes account for approximately 

60% of the mass of the material, with the bulk of the remainder materials undetectable by the 

XRF such as oxygen. As a proof-of-concept, this method of clean-up and recovery of the 

aluminium was successful in that it demonstrated that the aluminium (as aluminium hydroxide or 

aluminium sulphate) can be recovered in a relatively clean state.  

 

Table 18 Summary of elemental analysis for recovery of aluminium hydroxide 

from the sulphuric acid extracts derived from combined extracts 1 

and 2 from the multiple extractions 

Analyte  Calculated 
Starting 
Liquid 
extract  

% 

Dried spent 
liquid 
fraction 

 

% 

Recovered 
Alum 

Solid 

 

% 

N 0.02 - 0.05 

C 0.28 - 0.38 

H 0.11 - 2.33 

Na 0.13 25.60 10.63 

Mg 0.01 0.19 0.30 

Al 0.41 <0.01 28.46 

Si 0.02 0.10 1.06 

P <0.01 0.01 2.89 

S 0.79 22.70 8.87 

K <0.01 0.04 0.01 

Ca 0.01 0.27 0.16 

Cr <0.01 <0.01 <0.01 

Mn <0.01 0.12 0.16 

Fe <0.01 0.27 2.02 

Co 0.01 <0.01 <0.01 

Ni 0.07 <0.01 <0.01 

Cu <0.01 <0.01 <0.01 

Zn <0.01 <0.01 <0.01 

As <0.01 <0.01 <0.01 

Br <0.01 <0.01 <0.01 

Cd <0.01 <0.01 <0.01 

Sn <0.01 <0.01 <0.01 

Hg <0.01 <0.01 <0.01 

Pb <0.01 <0.01 <0.01 
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Scheme 6 Experimental workflow employed for the alum sample transformations using sulphuric acid and ashing with photos of the 

samples in 25 × 100 mm glass vials. The dot-points from top to bottom in the round boxes correspond to sample vials left to 

right and the table number that summarise the results. 
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4.6 Key Findings 

4.6.1 General observations on alum sludge properties and handling 

Scoping experiments confirmed the feasibility of aluminium extraction from spent alum sludge 

and provided valuable insights into the handling characteristics of the alum sludge samples.  

 It was documented that the addition of water to the solid alum sludge samples was 

required to enable efficient mixing during the addition of the 10% (v/v) sulphuric acid.  

 It was noted that after the sulphuric acid addition, looser slurries (alum sludge slurries 

made with a higher water content) settled better than thicker slurries made with less 

added water, and were easier to handle as expected based on suspension rheology 

principles. They may however present their own challenges on scale-up, of bulk, and 

dilution of the extracted components and their subsequent recovery.  

 Initial scoping experiments were pH controlled (with the use of pH indicating strips), and 

bulk additions (typically between 10-100 mL at a time). More precise pH control (by 

monitoring with pH probes) has allowed differences in pH buffering capacity to be 

observed between the differing sludges/treatments.  

 Due to the time constraints, several other variables were not examined, e.g. effect of the 

final pH and the acid addition rate, reaction (stirring) time and speed and slurry thickness.  

 There are differences in the physical properties of the alum sludges which may require 

individualized solutions, rather than a single generic process to be developed for the 

treatment of all different types of alum sludges.  

 Some alum sludge material (South Gippsland Water sample) evolved a great deal of gas 

when 10% (v/v) sulphuric acid was added. The nature of the gas was determined to be 

CO2 released from carbonates.  

 Not all slurries settled at the same rate – separation requirements may vary according to 

the nature of the sludge input, e.g. centrifugation versus filtration or mixer-settler 

arrangements. This may have implications for the design and final cost of any large-scale 

extraction.  

 The established analytical method of X-ray fluorescence spectroscopy allowed the fate of 

aluminium throughout the extraction process (analyte accounting) to be tracked, and was 

based on optimised sample preparation procedures, which involved grinding the dried 

materials to a grain size < 63 μm.  
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4.6.2 Comparison of extraction from different alum sludges 

XRF spectroscopy revealed that the relative aluminium content of the three sludges was similar 

(on dry basis South Gippsland Water 17.2%, ACTEW Water 15.8% and Seqwater 18.0%), but 

had a different elemental composition (Table 19).  

In spite of the differences in alum sludge water content (South Gippsland Water 85.4%, ACTEW 

Water 80% and Seqwater 98.6%) the sulphuric acid treatment gave similar aluminium extraction 

of 87-92% (Table 20).  

 

Table 19 XRF spectroscopy analysis of dried alum sludges 

 South 
Gippsland 

Water 

ACTEW 
Water 

Seqwater 

Analyte % % % 

Na 0.565 0.701 0.863 

Mg 0.225 0.274 0.312 

Al 17.170 15.810 18.070 

Si 1.763 4.978 2.407 

P 0.099 0.108 0.079 

S 0.599 0.292 1.205 

K 0.065 0.109 0.081 

Ca 0.299 0.339 0.198 

Cr 0.004 0.004 0.014 

Mn 0.596 0.267 0.445 

Fe 0.398 3.564 0.765 

Co <0.001 0.002 0.001 

Ni 0.001 0.002 0.002 

Cu 0.036 0.004 0.002 

Zn 0.002 0.004 0.002 

As 0.001 0.004 0.009 

Cd <0.001 <0.001 <0.001 

Hg <0.001 <0.001 <0.001 

Pb <0.001 0.001 <0.001 
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Table 20 Summary of elemental analysis for transformation of alum sludge. 

 South Gippsland 
Water 

ACTEW Water Seqwater 

Analyte  Starting 
material  

 

% 

Mass 
transferred 

from starting 
solid to 
liquid 

fraction 

 

% 

Starting 
material  

 

% 

Mass 
transferred 

from starting 
solid to 
liquid 

fraction 

 

% 

Starting 
material  

 

% 

Mass 
transferred 

from starting 
solid to 
liquid 

fraction 

 

% 

N 1.50 55.6 1.39 28.9 1.15 37.2 

C 17.86 66.3 22.21 48.6 30.30 17.2 

H 3.65 70.0 3.80 60.2 2.66 57.6 

Na 0.565 -3.9 0.627  -10.7 0.863 19.5 

Mg 0.225 76.4 0.281 72.3 0.312 69.4 

Al 17.170 87 15.550 87.6 18.070 92.4 

Si 1.763 -24.8 4.935 14.1 2.407 28.8 

P 0.099 47.4 0.104 40.8 0.079 51.1 

S 0.599 -370 0.291 -891.9 1.205 -66.8 

K 0.065 7.1 0.108 20.0 0.081 33.6 

Ca 0.299 86.3 0.334 86.4 0.198 83.5 

Cr 0.004 59.9 0.004 68.7 0.014 37.5 

Mn 0.596 73.5 0.264 89.5 0.445 92.4 

Fe 0.398 7.4 3.566 68.1 0.765 54.8 

Co <0.001 4.7 0.002 69.7 0.001 29.9 

Ni 0.001 45.2 0.002 62.9 0.002 41.8 

Cu 0.036 31.8 0.004 44.2 0.002 3.5 

Zn 0.002 51.8 0.004 69.0 0.002 44.2 

As 0.001 53.6 0.004 48.5 0.009 67.1 

Cd <0.001 7.8 <0.001 55.8 <0.001 92.4 

Hg <0.001 75.4 <0.001 55.8 <0.001 21.6 

Pb <0.001 47.5 0.001 48.7  <0.001 45.1 
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4.6.3 Additional sulphuric acid treatments 

It was documented that two additional aqueous washes of the solid fraction increased the yield 

of aluminium extraction for the ACTEW Water alum sludge from 88% to 96% (Table 21).  

Increasing the extraction temperature of alum sludge from 20 °C to 40 °C did not result in an 

increased aluminium extraction (Table 21). 

Using an ashed alum sample as starting material for the aluminium extraction resulted in a very 

low carbon content of the dried liquid fraction (Table 21). 

 

Table 21 Summary of modified sulphuric acid alum sludge extraction. 

Alum 
sludge 

material 
used 

Water 
in 

sludge 

 

% 

Wet 
mass 

used in 
reaction 

 

g 

Equivalent 
dry mass 

 

g 

Aluminium 
in input 
material 
(on dry 
basis) 

 

g (%) 

Dry mass 
after 

extraction 

 

g 

Aluminium 
remaining 

in solid 
after 

extraction 
(on dry 
basis) 

 

g (%) 

Mass 
transferred 

to liquid 
fraction 

from 
starting 
material 

 

g  (%) 

Carbon 
content in 

dried 
liquid 

extract  

 

(%) 

Aluminium 
extracted 
from input 

solid 

 

g  (%) 

ACTEW  82 221.7 39.6 6.3 (15.8%) 17.5 0.76 (12%)  22.1 (56%) 6.8 5.4 (88%) 

ACTEW 
ashed 

- - 25.1 7.6 (30.5%) 12.4 1.45 (19%) 12.7 (51%) 0 6.2 (81%) 

ACTEW 

40°C 

82 221.6 39.6 6.3 (16.0%) 18.7 1.04 (16%) 21.0 (53%) 7.0 5.3 (84%) 

ACTEW 
multiple 
washes 

82 221.5 39.6 6.1 (15.5%) 9.1 0.25 (4%) 30.5 (77%) 6.8 5.87 (96%) 

SG 85.4 192.1 27.8 4.7 (17.2%) 8.5 0.6 (7.3%)  19.2 (69%) 5.7 4.1 (87%) 

Seqwater 98.6 2000 28.4 5.1 (18.0%) 13 0.4 (3.0%) 15.4 (54%) 3 4.7 (92%) 

 

 

Table 22 Summary of elemental analysis for transformation of ACTEW Water 

alum sludge  

 0 wash 2 washes Ashed sample 

Analyte  Starting 
material  

 

% 

Mass 
transferred 

from starting 
solid to 
liquid 

fraction 

 

% 

Starting 
material  

 

% 

Mass 
transferred 

from starting 
solid to 
liquid 

fraction 

 

% 

Starting 
material  

 

% 

Mass 
transferred 

from starting 
solid to 
liquid 

fraction 

 

% 

N 1.39 28.9 1.39 41.5 0.01 -280 

C 22.21 48.6 22.21 75.9 0.13 84.5 

H 3.80 60.2 3.80 85.8 0.16 -478 

Na 0.701 -32.2 0.667 74.7 0.740 2.7 

Mg 0.281 72.3 0.272 84.2 0.492 75.8 

Al 15.550 87.6 15.460 95.9 30.470 80.4 

Si 4.935 14.1 4.688 23.6 10.190 18.0 

P 0.104 40.8 0.101 42.6 0.196 80.8 
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 0 wash 2 washes Ashed sample 

Analyte  Starting 
material  

 

% 

Mass 
transferred 

from starting 
solid to 
liquid 

fraction 

 

% 

Starting 
material  

 

% 

Mass 
transferred 

from starting 
solid to 
liquid 

fraction 

 

% 

Starting 
material  

 

% 

Mass 
transferred 

from starting 
solid to 
liquid 

fraction 

 

% 

S 0.291 -891.9 0.273 41.8 0.543 -461.9 

K 0.108 20.0 0.107 27.9 0.207 29.9 

Ca 0.334 86.4 0.335 95.8 0.642 79.6 

Cr 0.004 68.7 0.004 64.7 0.005 61.2 

Mn 0.264 89.5 0.263 92.6 0.513 64.1 

Fe 3.566 68.1 3.516 70.5 6.397 48.3 

Co 0.002 69.7 0.003 89.7 0.007 81.2 

Ni 0.002 62.9 0.002 69.5 0.003 57.7 

Cu 0.004 44.2 0.004 55.5 0.008 68.8 

Zn 0.004 69.0 0.004 77.6 0.007 62.1 

As 0.004 48.5 0.005 55.0 0.008 53.1 

Br 0.035 65.6 0.036 77.2 0.046 92.1 

Cd <0.001 55.8 0.000 91.7 0.000 49.3 

Sn <0.001 19.1 0.000 67.3 0.000 10.5 

Hg <0.001 55.8 0.000 54.2 0.000 55.6 

Pb 0.001 48.7 0.001 49.8 0.002 20.4 

 

4.6.4 Hydrothermal treatment of alum sludges 

Hydrothermal treatment under supercritical conditions but with air as a potential oxidant did not 

lead to removal of the organic matter as carbon dioxide and water (Table 23). The presence of 

elemental carbon in the treated material at quantities comparable to the input sludge material 

suggests the retention of carbon as char. 

Table 23 Summary of supercritical water extraction on South Gippsland 

Water alum sludge 

 Mass of alum 
sludge used 

 

 

g 

Aluminium 
(on dry 

basis) of 
input sludge 

% 

Aluminium in 
liquid phase 

 

 

% 

Input sludge (dried 
sample) 

Treated material (dried) 

%N %C %H %N %C %H 

South Gippsland 
Water 

12 17 0.00 1.5 17.4 3.5 0.9 13.0 2.5 

ACTEW Water 12 16 0.00 1.5 23.9 4.1 1.2 19.1 2.6 

Seqwater 10 18 0.00 1.2 30.3 2.8 0.6 31.7 2.1 
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4.7 Summary 

This scoping project has focused on the investigation of alum sludge transformation with 

sulphuric acid at the bench scale. The results were:  

 Three different alum sludges (from South Gippsland Water, ACTEW Water and 

Seqwater), that were thought to be typical of extreme water treatment scenarios, having 

different aluminium, water, organic matter and contaminant contents, were successfully 

used as test materials for bench scale transformation trials.  

 The analytical parameters that were identified to best characterise the quality of alum 

sludge relevant to the transformative processes are aluminium content, water content, 

organic matter and metal content.  

 The analytical methods that were evaluated for their suitability for alum sludge 

characterisation were elemental (CHN) analysis and a more comprehensive elemental 

analysis including metals (Na, Mg, Al, Si, P, S, K, Ca, Cr, Mn, Fe, Ni, Cu, Zn, As, Cd, Hg 

and Pb). Elemental (CHN) analysis was shown to be suitable for estimating the organic 

matter content of the alum samples. The herein developed XRF spectroscopy method, in 

conjunction with optimised sample preparation, allowed the determination of aluminium 

content of alum sludges and tracking of metals through the transformation process.    

 Experimental protocols that allow the stoichiometric transformation of insoluble aluminium 

hydroxide contained in alum sludge with sulphuric acid to produce aluminium sulphate 

rich material at the bench-scale were developed. These protocols involved:  

– The addition of sufficient water to the viscous alum samples to form a slurry that 

enables mixing of reagents, and from which a phase separation can occur.   

– Extraction of aluminium as soluble aluminium sulphate with diluted sulphuric acid, at 

room temperature with final pH values close to 2.  

– When the extraction was performed at a temperature of 40 °C no improvement in 

aluminium extraction was observed compared to an extraction at 20° C.    

 Elemental analysis of metals with X-ray fluorescence spectroscopy could in principle be 
used to assess whether the process is (potentially) capable of producing alum of a quality 
suitable for re-use in water treatment processes. 

This project also explored the use of a hydrothermal treatment for the different alum sludges as 

a processing step that could be used on its own to recover the aluminium. The results were:  

 A process of a hydrothermal treatment for alum sludges at near-supercritical conditions 

was established in a custom-build reactor assembly and a high temperature fluid-bed 

sand bath. 

 The process was performed on alum sludges using only the water contained within these 

sludge and air to oxidise the organic matter. 

 The hydrothermal treatment was performed in air and this did not result in oxidation of the 

organic matter to carbon dioxide, but retention of the carbon in the solid material as a 

char.  

 The process can be potentially used in tandem, e.g. preceding the above alum sludge 

transformation process. 

This project did not require the following lines of enquiry to be implemented:  

 An acid optimisation approach in relation to pH variation (i.e., variation of pH between pH 

2-4 in 0.5 increments) via a DoE methodology was not required, because of the relatively 

low buffering capacity of the sludges, resulting in pH values close to 2 with stoichiometric 

amounts of sulphuric acid. Moreover, the extremely high recovery of the aluminium 
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(typically > 90% as aluminium sulphate) would not warrant this type of investigation at this 

stage. 

 A design of experiment approach in relation to temperature variation (i.e., room 

temperature to 40 °C in 20°C increments) was not pursued, because extraction at 40 °C 

provided no improvement in aluminium extraction compared to an extraction at 20° C. 

 The use of supercritical CO2-benign solvent mixtures was not investigated since the use 

of the ‘at near supercritical’ water approach as developed in these investigations from an 

engineering perspective would be considerably less expensive. 

 The potential of deploying recyclable/distillable ionic liquids to facilitate the extraction 

process was not needed because a) alternative solutions based on sulphuric acid 

treatment methods were found; b) the relatively high cost of ionic liquids, c) the cost of 

recycling ionic liquids, d) the lack of documentation in the scientific literature that large 

scale process usage in industries analogous to the Water Utilities has achieved an 

economically  viable threshold and e) regulatory impediments to the use of ionic liquids in 

drinking water supply. 

 Provision of details of the methods and results of testing for end use suitability, as 

conducted at Monash University, because criteria for alum characteristics for the use in 

drinking water purification rely on self-regulation procedures, varying from state to state. 

As such, procedures would have to be carried out at the stage of post pilot scale 

development of the technology in consultation with specific Water Utilities and relevant 

regulatory authorities. 

Future investigations could involve:   

 in-depth investigations involving the scale-up translation of the hydrothermal treatment of 

alum sludges at near-supercritical conditions using oxygen instead of air and with larger 

reactors, and 

 bench to pilot scale investigations involving a tandem process based on either a 

hydrothermal treatment followed by an alum sludge transformation with sulphuric acid or 

a sulphuric acid treatment of the alum sludge followed by a hydrothermal treatment. 

These bench-to-pilot studies however would require a larger dual reactor assembly.  
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5. Evaluation of applicability of 

technology for water industry 

The purpose of this section is to evaluate the applicability of the trialled technologies for large 

scale development for the water industry, with primary consideration of project partner 

organisations. Potential options for future larger scale development will be proposed and 

compared. These comparisons will focus attention of key characteristics and essential features 

of the process options for the re-utilisation of alum sludge. 

5.1 Extraction with sulphuric acid 

5.1.1 Comparision with previous studies  

The bench trials presented in Section 4, using alum based water treatment sludge from ACTEW 

Water, South Gippsland Water and Seqwater, is consistent with previous work completed in 

1985 at Winneke WTP in Melbourne (MMBW 1985). Some key points are summarized below: 

Soluble aluminium vs acid dose (Figure 24) and Recovery of recoverable Alum vs pH 

graphs (Figure 25). These figures show that the recent Smart Water work is consistent with the 

past work at Winneke WTP. To achieve a good recovery requires sufficient sulphuric acid 

addition to achieve a pH <3 in the mixing tank with the sludge. The recent work adopted a 

relatively high sulphuric acid dose to achieve maximum aluminium recovery of around 87 to 

92.4%. However, for a full scale treatment facility it is likely that the optimum may be to aim for 

only 80% alum recovery at around half the sulphuric acid dose needed to get to 90% alum 

recovery. A sulphuric acid dose of about 0.4 to 0.5gms H2SO4/ kg DS sludge is needed 

Soluble Aluminium vs pH graph (Figure 26) The previous work at Winneke indicated that at a 

pH <3 diminishing returns occur in terms of greater recovery of aluminium (Al) expressed in 

terms of alum (ie Al2(SO4)3.18H2O). However, the work completed in this Smart Water project 

produced a substantially higher alum equivalent recovery, especially where the sludge samples 

submitted for processing had already been substantially dewatered (to 14.6%DS w/w from 

South Gippsland and 18%DS w/w from ACTEW). Recovery, expressed in terms of % pure alum 

was around 13 to 16%w/w for these samples compared to only about 5.2%w/w for the thickened 

sludge sample from Seqwater (1.5%w/w sludge). An even lower alum recovery of about 3%w/w 

was produced in the earlier work at Winneke. For comparison is noted that the normal 

commercial liquid alum supplied to water treatment plants is about 50%w/w pure alum. The 

reasons for this should be followed up as it is a substantial improvement compared to the 

Winneke work.  



 

110 | GHD | Report for Smart Water Fund - 10OS-42 Alum Sludge Reuse Investigation, 23/14907  

 

 

Figure 24 Soluble aluminium vs. acid dose 
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Figure 25 Soluble aluminium vs. pH 
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Figure 26 Percent recovery of aluminium vs. pH 

 

This investigation and the previous MMBW (1985) study also measured trace contaminant 

levels in the recovered alum. Trace contaminants are also present in normal commercial alum. 

A comparison of the recovered alum with commercial alum is set out in Table 24. The main 

contaminants of concern in the recovered alum are iron, manganese and organics. The 

investigation work at Winneke measured changes in levels of iron, manganese and colour (a 

measure of organics) in the recovered alum as the pH drops in the recovery reactor and found 

that an order of magnitude increase in iron occurred (e.g. from about 30 mg/l to 300 mg/L) when 

the pH fell from about 3 to 1.6. There was also an increase in manganese in the recovered alum 

as pH dropped over this range but it was relatively small (e.g. from around 15mg/L to 25mg/L). 

Colour also increased but was only measured in a couple of samples. In the laboratory trails 

conducted in this project work (Section 4.6) levels of iron and manganese were more variable 
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than in the Winneke work.  Organics (as carbon) was directly measured and was at a significant 

level as well.  

 

Table 24 Comparison of recovered alum and commercial liquid alum 

(highlighted cells indicate notable parameters for each alum) 

Factor South 
Gippsland 

Water 

ACTEW 
Water 

Seqwater Melbourne 
Water 
Winneke  

Melbourne 
Water 
Winneke  

Commercial 
Liquid Alum 

pH 2.5 1.8 2 1.5/1.6 2.3/2.5 2 to 2.8 

%Al2O3 2.1 2.6 0.8 0.54 0.47 7.8 to 8.4 

Carbon mg/Kg 
liquid alum 
EQV 

3540 4840 570 ND ND ? 

Colour  
(PT/Co) 

V High High Moderate 10,000 6,800 to 
8,000 

Low 

Soluble Iron  

mg/Kg liquid 
alum EQV 

 

53 1233 55 3450 390 3500 

Soluble 
Manganese 
mg/Kg 

Liquid alum 
EQV 

226 120 54 290 195 40 

 

Table 25 summarises the estimated concentration of each important trace contaminant if the 

recovered alum was dosed at 50mg/L (as liquid alum), which is equivalent to a pure alum dose 

of about 25mg/L.  

Table 25 Dosed contaminant for liquid alum dose of 50mg/L (highlighted 

cells indicate significant contaminant)  

Contaminant Nominal 
treated 
WQ 
target 

South 
Gippsland 

Water 

ACTEW 
Water 

Seqwater Melb. 
Water 
Winneke 

pH 
1.5/1.6 

Melb. 
Water 
Winneke 

pH 
2.3/2.5 

Commercial 
liquid Alum 

Iron (mg/L) < 0.1 0.003 0.06 0.003 0.17 0.02 0.18 

Manganese 
(mg/L) 

< 0.02 0.01 0.006 0.003 0.015 0.009 0.002 

Carbon 
(mg/L) 

< 2 0.18 0.24 0.03 ND ND ? 

The results in Table 24 and Table 25 highlight the importance of maintaining manganese and 

iron at low levels in the recovered alum and that this appears to be accomplished by controlling 

pH to >2 to 2.5 in the reactor where sludge is mixed with sulphuric acid. 

It is noted that at a full scale alum recycling plant (using 1 to 3%DS sludge) located at East 

Bank WTP in Brisbane which operated during the 1970s to 1980s it was found necessary to add 

hydrogen peroxide to oxidize soluble iron in the recovered alum solution to avoid elevated iron 

levels in the final treated water from this WTP (pers. comm. R. Thompson, Seqwater). Also 

during periods of very poor raw water quality, mainly during storm events, organic levels 

became excessive in the recycled alum to the point where the recovery of alum process was 

stopped until raw water quality conditions improved. It was also found at this plant that foaming 

could occur resulting in release of acid foam to nearby environment. It was noted in the high 
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organics content sludge from South Gippsland Water that foaming also occurred due to release 

of carbon dioxide.  

5.1.2 Full scale alum recovery process 

In a full scale aluminium recovery plant the assumed cost effective feed sludge would be 

thickened sludge at around 2%DS w/w as this avoids the extra cost for excavation and transport 

of dewatered sludge and for a two stages of dewatering (e.g. drying beds or centrifuges) 

process. The aluminium recovery process is expected to reduce the amount of final sludge to be 

dewatered by about 50%
5
, based on mass transferred from starting material to liquid fraction 

and the reduction on water holding capacity. Hence, in this preferred approach only a single 

stage of final dewatering would be required and it can be significantly smaller if the starting point 

is sludge from an existing WTP thickener. 

The concept of extraction of aluminium from water treatment sludge is a relatively simple 

process. The concept is illustrated in Figure 27. Sludge would be drawn from an existing 

thickener and be transferred to the acid digester reactors. The reactors would operate on a semi 

batch basis and hence there would need to be two in series. The first one would receive a load 

of sludge at a high rate from the thickener and then acid would be added. Sulphuric acid would 

be dosed to achieve a pH around 2 to 2.5 and the sludge plus acid would be mixed for a period 

of around 30 to 60 minutes to achieve adequate leaching of the aluminium from the sludge. The 

sulphuric acid dose is assumed to be up to 0.5gm sulphuric acid /kg DS sludge.  After up to 60 

minutes reaction time it would rapidly dump to a feed tank which would be slowly 

pumped/gravity flow to a second thickener for separation of sludge from recovered alum liquid. 

Based on experience in the jar test work discussed in Section 4 and full scale plant at East Bank 

WTP in Brisbane, foaming in the reactors where acid is added is important to control. A water 

spray system would be an appropriate response. Also, hydrogen peroxide dosing is assumed to 

be needed to oxidise soluble iron/manganese. In addition a simple filtration step is assumed to 

reduce residual suspended solids. Finally, it is assumed that recovered alum will be blended 

with Commercial alum at the dosing point at about 1 part recovered alum to 2 parts Commercial 

alum to minimise trace contaminant risk. 

 

                                                      
5
 Lime dosing for sludge neutralisation is expected to add approximately 10% to the dry solids of the 

alum recovery sludge for disposal. Note that “solid” dewatered alum sludge for disposal can be up to 
80% water, and the removal of alum from this sludge may further reduce the water holding capacity.  It 
is likely that the dewatered sludge from the alum recovery process would have significantly lower 
water content than dewatered alum sludge. The net result on quantity of sludge for disposal is an 
estimated reduction in dry solids of 45% and likely further reduction in total wet weight, and the actual 
reduction of material for disposal will depend on the alum recovery efficiency and water content. 
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Figure 27 Alum sludge acidification flow schematic for capital and annual cost development 
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5.2 Hydrothermal treatment 

Efforts to commercialise SCW systems have been made only by few companies, with the 

emphasis placed on destruction of hazardous waste, e.g. polychlorinated dibenzodioxins, 

polycyclic aromatic hydrocarbons, e.g. benz[a/c]pyrenes, and other compounds on the Toxic 

Compounds Register; high uranium content sludge, etc. 

 EcoWaste Technologies (EWT) has designed and built the world’s first commercial 

SCWO plant in 1994 for the destruction of organic waste produced for the Huntsman 

Chemical Petrochemical Plant in Austin, Texas (Bermejo and Cocero 2006).  

 Chematur acquired SCWO exclusive rights from EcoWaste Technologies in 1999. In 

Europe, Chematur has commercialised its SCWO process under the brand name of 

AquaCritrox®.    

 HydroProcessing built a full-scale tubular SCWO reactor in 2011 specifically for 

municipal and industrial sewage sludge destruction in Harlington, Texas, but its operation 

was stopped because of corrosion problems.    

 Foster Wheeler (http://www.fwc.com) has developed supercritical, Once-Through-Unit 

(OTU) circulating fluidized bed (CFB) technology for converting economical solid fuels 

into steam and power.  

 General Atomics (GA) (http://www.ga.com) has developing Supercritical Water 

Oxidation (SCWO) technology since 1992 for treatment of a variety of military and 

industrial wastes – successfully utilized for both government and commercial customers 

worldwide. GA has designed, fabricated and installed numerous SCWO systems for the 

U.S. Government and commercial clients, including systems for the treatment of chemical 

warfare agents, size reduced wood, plastics, municipal sludges and general hazards 

waste. A major SCWO program was recently completed for the U.S. Army for destruction 

of the hydrolysis products resulting from the caustic neutralization of chemical agents GB, 

VX, and H contained in munitions stored at the Blue Grass Chemical Agent-Destruction 

Pilot Plant (BGCAPP) site in Richmond, Kentucky. 

 Supercritical Fluids International (SCFI) Group Ltd. (Cork, Ireland) 

(http://www.scfi.eu) purchased all intellectual property rights to the AquaCritrox® 

technology in 2007 and has refined the process into a sewage sludge destruction system 

with integrated electricity generation and value added production (e.g. CO2, phosphorus 

and silica) (Bermejo, Rincon et al. 2009). The AquaCritox® process (Scheme 7) can be 

classified as a supercritical water oxidation process, in which alum sludge could be 

heated to between 374 and 500 C at 211 MPa in the presence of oxygen. SCFI claims 

that the organic matter can be completely oxidised in an exothermic reaction producing 

carbon dioxide, water and aluminium hydroxide as a water insoluble precipitate. The 

precipitated aluminium hydroxide must then be dewatered and reacted with sulphuric acid 

to form aluminium sulphate. The AquaCritrox® technology system appears to be the only 

fully integrated turn-key system currently available in the market for commercial use. 

 

http://www.fwc.com/
http://www.ga.com/
http://www.scfi.eu/
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Scheme 7 Diagram of AquaCritox® Process based on super critical water 

oxidation (http://www.scfi.eu/news/). 

 

In terms of commercial deployment, the majority of SCW technologies can be considered as 

relative specialised emerging technologies. Given that the alum sludges are mostly water, 

hydrothermal decomposition via supercritical processes will entail a very high cost to install 

accredited facilities to the required engineering standards, e.g. costs in excess of $1M to $5M+ 

depending on the size of the facility [Personal communication by email from John O'Regan, 

SCFI Group, Rubicon Centre, Bishopstown, Cork, Ireland, “….. a plant capable of processing 

14,000 tonnes of dewatered solids will have a capital cost of approximately AUD $4.5M, with an 

operating cost estimated at AUD$25 per tonne of dewatered sludge …”], and the use of oxygen 

gas as the source of the oxidant (rather than air) with some systems. The destruction of alum 

sludges in-situ, without separating the water from the sludge, thus offers potential, particularly 

as demonstrated from these initial investigations that “at-near” supercritical water conditions can 

be employed with air rather than an oxygen gas stream, although oxidation of the organic 

material to carbon dioxide did not occur in air and appears to have been transformed to carbon 

char. Moreover, due to the diversity in alum sludge compositions that would be generated by the 

different Victorian Water Utilities and elsewhere in Australia, the economic viability of such SCW 

systems for alum sludge conversion is expected to hinge on the development of tailored 

engineering solutions.  

It is notable that hydrothermal process, such as SCW, is a pre-treatment step prior to the alum 

recovery process shown in Figure 27. Consequently, the overall process flow diagram shown in 

Figure 28 summarises this alternative process. 
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Figure 28 Alum sludge hydrothermal treatment and sludge acidification flow schematic for capital and annual cost 

development 
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5.3 Cost comparison 

The proposed concept for sulphuric acid extraction is shown in Figure 27 is assumed for 

preliminary pricing purposes. It is also assumed an existing thickener feeds sludge to the alum 

recovery process. The alum recovery process would comprise; 

 Acid digestion reactors and antifoam water spray systems 

 Sulphuric acid dosing system  

 Residuals thickener 

 Neutralisation tank and lime dosing system 

 Polishing filter and recovered Liquid alum storage  

 Hydrogen peroxide dosing system 

To allow comparison with the Hydrothermal based alum processing plant discussed in section 

5.2 it is assumed that the process can deal with a sludge input of about 3,000 tonnes DS/yr   

which is about the same as 14,000 tonnes/yr of dewatered sludge assumed to be at  20% DS 

(refer Section 5.2). The proposed concept for hydrothermal based extraction is shown in Figure 

28.  

Table 26 summarises estimated costs based on a treatment system for 3,000 tonnes DS/yr 

annual sludge load. It is clear from this table that the relatively well understood sulphuric acid 

extraction process is preferred. The Hydrothermal process is complex, experimental and may 

not increase alum recovery significantly beyond what can be accomplished by the acid 

extraction process. 

Table 26 Comparison of cost and advantages/disadvantages for alum 

recovery processes (based on 14,000 tonnes dewatered sludge/yr) 

ITEM SULPHURIC ACID 
EXTRACTION 

HYDROTHERMAL TREATMENT 
THEN SULPHURIC ACID 
EXTRACTION 

RELATIVE CAPEX $6 to 7m $10.5 to 11.5m  

RELATIVE OPEX $80 to 100/tonne sludge 
@20%DS  

>$110/tonne sludge @20%DS 

ADVANTAGES 50% reduction in ultimate sludge 
disposal 

 

80% alum recovery and hence 
reduce commercial alum 
required 

 

Less aluminium in sludge where 
sludge goes to sewer so less 
corrosion risk for sewer  

Greater alum recovery? 

 

Advantages associated with 
sulphuric acid extraction  

DISADVANTAGES OHS of sulphuric acid 

 

Extra lime use to neutralise final 
acidic sludge residual  

 

Sludge dewatering/disposal still 
needed just smaller 

High energy requirement 

 

Complexity and lack of experience 
with Hydrothermal process 

 

Disadvantages of sulphuric acid 
extraction process 
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6. Conclusions 

6.1 Results of investigation 

The “Alum Sludge Reuse Investigation” project was undertaken by GHD and Monash University 

for the Victorian Smart Water Fund, with funding partners ACTEW Water and Seqwater. This 

work examined the current fate of alum sludge produced by water treatment processes in 

Australia, and the feasibility of a wide range of approaches through which this sludge could be 

cost-effectively reused, recycled, or put to beneficial applications.  

There is unlikely to be a single optimal and universally-applicable way to reuse sludge, with 

local factors heavily influencing any reuse option. An assessment approach was developed to 

rationally examine the different potential end uses for alum sludge, and to select an approach 

which could be studied as a bench-scale process within the project. This led to the selection of 

two processes capable of alum recovery for reuse; sulphuric acid digestion, and hydrothermal 

degradation in near-supercritical conditions. Alum sludge samples from multiple Australian 

utilities were examined for physical and chemical properties, and bench-scale alum recovery 

was performed using the two processes, so as to allow estimation of process efficiency and of 

the costs involved. These trialled technologies were then evaluated for large-scale applicability 

in the water industry. 

Acid digestion of sludge to recover alum for reuse was evaluated as being potentially cost-

effective, particularly where capital expenditure for new treatment plants could be reduced 

through cost avoidance, and where local restrictions or cost increases for sludge disposal were 

envisaged. Further examination of this process at a pilot-scale at an applicable plant could be 

performed, which could lead on to a more accurate and specific estimation of financial feasibility 

that incorporates local factors.  

6.2 Feasibility of alum recovery within current industry practice 

The implementation of sulphuric acid extraction process for alum recovery across the Australian 

water industry would either need to be retrofitted as an add-on to existing water treatment 

plants, or incorporated into the process for new water treatment plants. Although there is some 

requirement for new treatment plants in Australia, the major opportunity for alum recovery is at 

existing water treatment plants. In terms of practical feasibility, a basic requirement is the space 

required for alum recovery plant near the water treatment plant. The availability of land may be 

the first requirement for retrofitting alum recovery process. For sites where space is limiting, 

mobile or temporary plant may be worth further investigation. An alum recovery plant that can 

be transportable or “containerised” may also be suitable for temporary deployment at sites with 

low sludge production rates where sludge can be batch processed. The suitability for alum 

recovery plant to be “containerised” has not been considered in this project, because permanent 

on-site construction of plant is probably the most likely scenario for implementation. 

An estimate of capital and operational expense suitable for evaluating the feasibility of this 

process cannot be provided due to the significant variability between conditions of water 

treatment sites. Instead, the key factors likely to influence the feasibility of implementing alum 

recovery through acid extraction are discussed below and summarised in Table 27. 
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Table 27 Summary of factors affecting feasibility of acid extraction alum 

recovery 

Factor Capital Cost Operational Cost Environmental impact 

Size of 
production 

Equipment cost Power costs 

Chemical costs 

Waste disposal costs 

Construction impacts 

Extent of spill impact 

Reduced waste production 

Reduced raw material 

Location Availability of space 

Construction cost 

Equipment supply 
cost 

Transport of sludge to 
recovery facility 

Sludge quality 

Alum recovery efficiency 

Sludge dewatering costs 

Chemical cost  

Waste disposal cost 

Waste disposal security 

Waste quality 

QA testing 

Construction impacts 

 

Existing 
process 

Equipment already 
available 

Operation staff  

 

Construction costs, in terms of building material transport, are highly location dependant, and 

are expected to be major factor in capital expense. The scale of plant required, and hence 

equipment costs, are also highly variable between water treatment sites. Existing sludge 

processing plant may or may not be incorporated into the alum recovery process, and the use of 

existing dewatering equipment or repurposing existing tanks would reduce capital costs.  The 

cost estimate of the alum recovery process used for comparison of technologies summarised in 

Section 5.3 is based on very large scale water treatment plant (14,000 tonne dewatered sludge 

per year), whereas the majority of treatment plants operated by respondents to the survey are 

one or two orders of magnitude smaller than this (i.e. 100 to 1,000 tonne dewatered sludge per 

year). Furthermore, the relationship of sludge production rates with water treatment output is 

highly variable between water treatment sites, mostly due to differences in source water quality. 

To obtain a reasonable idea of costs for alum recovery plant would require consideration of the 

sludge production rates, local raw water quality conditions (i.e. mostly colour or mostly turbidity 

removal or a mix of both), site conditions, local chemical costs and what sludge processing 

equipment is present at each site.  

We assume that the operational expense of smaller plants would be slightly higher per unit 

production rate than that estimated for the large scale plant, but total operational cost is largely 

proportional to size of plant. Where alum recovery is retrofitted, the inclusion of existing sludge 

processing equipment will affect the net operating costs. It is possible that the quantity of waste 

sludge from alum recovery that requires dewatering is considerably less than water treatment 

sludge production, potentially lowering the operating cost of waste dewatering equipment. 

The majority of water treatment sites dispose of waste sludge to landfill, with a small proportion 

dispose directly to the sewer. The cost of disposal to landfill is most often used by smaller water 

treatment plants, and the costs ranged between $130-200/tonne excluding transport. If alum 

recovery reduces the quantity of waste sludge for disposal, production based disposal costs 

would be reduced, assuming that the categorisation of the waste is the same. Neutralisation of 

acidified sludge is included in the process to ensure waste is suitable for disposal, however site 

specific contaminants in the raw water and other treatment chemicals may influence the waste 

sludge composition. Transport costs for waste disposal are highly variable in rate and charge 

structure, and are largely site dependant. Again, any reduction in waste production would be 
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expected to provide a proportional reduction in transport costs. A distance from source to landfill 

site cost structure is required to assess the cost of waste disposal. In our survey, numerous 

water authorities revealed concerns about the longevity of current landfill availability; landfills 

are closing and the next closest landfill is considerably further away. Alternate disposal options 

and regulatory changes should also be considered in forecasting waste disposal costs 

The cost of treatment chemicals vary between states and suppliers, and the potential savings in 

treatment chemicals is dependent on the market price. At the time of the survey, the cost of 

alum ranged between $170-270/tonne. The potential cost savings from reduced demand for raw 

alum will also depend on the relative effectiveness of the recycled alum. The final project 

workshop revealed that recovered alum may have lower water treatment effectiveness as raw 

alum, and that previous alum recovery undertaken by Seqwater was limited in the number of 

cycles of reuse (pers comm. R. Townsley, Seqwater). The blending of raw alum and recovered 

alum was also suggested as a method for maintaining flocculant effectiveness. Limiting the 

number of recovery cycles, and blending with raw alum would also assist with preventing 

excessive contaminant accumulation. Under these recommendations, alum recovery would 

reduce raw alum cost, but not entirely replace the requirement for purchasing treatment 

chemicals. The number of cycles and blending proportion required to maintain the flocculation 

effectiveness of recovered alum is not examined in this project, although work at Seqwater 

provides some guidance. It is likely that raw water quality, quality of raw alum purchased and 

recovery process would influence the effectiveness of the recovered alum as a flocculant. Thus 

the reduction in raw alum required will be site dependant.  

Quality assurance testing and quality control processes would add additional operational costs 

to alum recovery process. Recovered alum would need to be tested for aluminium content to 

ensure operational effectiveness and tested for contaminants for hazard control. Traditional 

analytical laboratory techniques would be suitable, or potential in situ methods such as XRF 

could be effective for providing rapid QA information. 

6.3 Project objectives achieved 

This project developed a process for reviewing the key requirements of various sludge 

treatment and reuse options, which allowed comparison of the relative costs and benefits of 

each option. This process identified several agricultural and land remediation application 

options that could potentially provide strong positive environmental returns from implementation. 

Other end use options in wastewater treatment, or use a raw material in industrial 

manufacturing or agricultural soil products were also considered. These options were not 

considered further in the investigation as their application is highly dependent on suitable 

receiving sites near the sludge production site.   

The literature review contains the most wide ranging summary of alternate end uses and 

transformation process currently available for alum sludge.  Although alum recovery for reuse 

through acid extraction was the focus of this project, this academic literature review and patent 

search provides a useful basis for water authorities to consider alternate options that may be 

more suitable for their situation.  

The decision to focus on alum recovery was primarily based on considerations of potential 

benefit to the broader water industry, which was one of the key objectives of the project. The 

opportunity to recover alum for reuse on site was considered by the project team to provide the 

greatest likelihood of implementation as all sludge production sites are potential reuse sites. 

Central to this decision is the high and increasing transport and disposal costs, and potential for 

reducing the waste stream from water treatment. The key potential benefits posed by this end 

use are the reduction in demand for new treatment chemicals by replacement with recovered 

alum, reduced sludge production rates resulting in reduced disposal costs and improved 
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environmental returns. However, the key limitations to the industry wide implementation of this 

end use are the set up costs for retrofitting alum recovery plant to existing sites, and availability 

of technology capable of achieving recovery efficiency suitable for potable water treatment with 

low energy requirements and reduced waste stream costs.  

6.4 Communication outputs 

Two further communication outputs from the project are underway, in the form of papers to be 

published in Australian technical journals. The first is a description of the assessment approach 

used to examine the various options available to any alum-sludge producing water treatment 

facility; intended to be published in an industry-wide journal such as the AWWA’s Water, and 

ideally to prompt utilities towards beneficial end uses of alum sludge. The second is a more 

technical description of the bench-scale process work carried out in the project, and of the 

physico-chemical examination of Australian sludges; this is intended to be published as a long-

form paper in an international water industry journal. 

6.5 Future work 

Several possibilities for future work were identified over the course of the project.  

 Alum recovery from sludge was most efficient in relatively wet samples, with the 

examined samples containing solids ranging from 2-3% w/w in slurry-like samples, up to 

10-20% solids w/w in paste-like samples. However, in utilities where alum sludge 

stockpiling is an ongoing problem, stored sludge is frequently quite dry, and contains 30-

50% solids w/w. The acid digestion and/or the thermal decomposition processes could be 

examined for applicability to drier stockpiled sludges. 

 The assessment of sludges was able to be performed using a hand-held XRF 

spectroscopy assay. The potential for field assessment of sludges prior to decision about 

further processing could be examined. 

 Where processing of stockpiles across multiple locations is an issue, a potential solution 

may be to utilise a mobile plant to access stockpiled sludge. The potential for this could 

be further examined as a separate study. 

 The recovery of alum for reuse has been used elsewhere. It has been observed that 

ongoing alum recovery has led to increasingly poor efficiency following several cycles of 

reuse. This could be examined in further work, with the goal of extending the potential for 

reuse and defining conditions that maximise reuse and recovery efficiency. 

 Possibilities for environmental application of alum sludge have been increasingly 

examined in recent years, and may have potential cost-effective application in specific 

circumstances. Some examples have included the use of sludge as a wetland substrate 

or soil amendment for phosphate remediation, and as a raw material for some industrial 

processes. In localities where disposal costs are rapidly increasing, an examination of 

some of the alternative end uses could lead to reduced disposal costs and improved 

environmental outcomes. 
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Appendix A – Sludge survey responses 
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Site Documentation of processes 
producing the sludge 

Other treatment chemicals used? PAC, 
polymers, lime, etc. For what purpose 
and how much used? 

Theoretical alum sludge 
production rates 

Actual current sludge 
production rates 

T/yr 

Googong 
WTP 

(ACTEW) 

Optional PAC, pH correction 
with hydrated lime, coagulation 
with Alum, BASF LT22 polymer 
in: 
 A. clarifiers, clarification, 
filtration through filter coal & 
sand; or 
 B. DAF and Filtration through 
filter coal & sand 

PAC for algae taste and odour 
Hydrated Lime for pH correction and 
alkalinity adjustment 
Polymer BASF LT22 as flocculation aid 

60mg/L solids at flow 
rates up to 270ML/day 
water production 
estimate sludge is 3% 
solids from sludge 
thickener when applied to 
drying beds.  

Estimate dry-basis 2000 
tonne per year (for an 
operational period of 2 
months per year) 

2000 

Stromlo 
WTP 

(ACTEW) 

pH correction with hydrated 
lime and CO2, coagulation with 
Alum, BASF LT22 polymer and 
filtration with or without optional 
DAF 

Hydrated Lime for pH correction and 
alkalinity 
CO2 for pH correction and alkalinity 
Polymer BASF LT22 as coagulant aid 
Polyaluminium chloride optional as 
alternative coagulant to alum (preferred 
and used as primary coagulant since 
May 2013) 

9mg/L solids at flow rates 
up to 250ML/day water 
production 
typically sludge is 15-
20% solids following 
centrifuge mechanical 
dewatering 

Estimate 1500 T/year @ 
approx 15-20% solids 

1500 

Red Cliffs 
WTP 

(LMW) 

Coagulation/Flocculation and 
clarification, drying beds on site 

PAC - Occasional use. Not in use at the 
moment 

Not available   - 

7th St WTP 

(LMW) 

Coagulation/Flocculation and 
clarification, sludge transferred 
to Mildura WWTP drying beds 

Polymer flocculant aid (1.3mg/L) Estimated in 2000 as 
850t dry weight, with a 
wet volume of 170ML 

  850 

West 
Mildura 
WTP 

(LMW) 

Coagulation/Flocculation and 
clarification, drying beds on site 

Polymer flocculant aid + PAC Not available - the plant 
operates intermittently 

  - 

Wurdee 
Boluc WTP 

(Barwon) 

Direct pressure filtration plant 
followed by sludge thickener 
and sludge lagoons 

Polymer flocculant aid (Polyacrilimide 
anionic powder  LT 22 & polyDADMAC) 

0.5% (wet sludge volume 
as a % of raw water flow) 

PAC 23: 20kg/ML 640 
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Site Documentation of processes 
producing the sludge 

Other treatment chemicals used? PAC, 
polymers, lime, etc. For what purpose 
and how much used? 

Theoretical alum sludge 
production rates 

Actual current sludge 
production rates 

T/yr 

Moorabool 
WTP 

(Barwon) 

DAFF plant followed by sludge 
thickener and sludge lagoons 

Polymer flocculant aid (Polyacrylamide - 
LT20) 

Alum: 60kg/ML, PAC 23: 
38kg/ML 

Alum: 51kg/ML, PAC 23: 
30kg/ML 

150 

Wodonga 
WTP 

(NEW) 

  Polymer flocculant aid (Polyacrilimide 
LT20). PAC. In raw water as required, 
Lime to correct pH and chlorine for 
disinfection. 

100 cubic m per year   ~100 

Benalla 
WTP DAFF 
plant 

(NEW) 

Sludge float off & Backwash Powered soda ash 25,000 kg  42 cubic m each year   ~42 

Lance 
Creek WTP 

(SGW) 

DAFF plant, followed by sludge 
thickener and centrifuge. Note 
that sludge lagoons are now 
emergency lagoons.   

 CURRENT - 3-8 t per day 
@ 20%.  FUTURE (2030) 
- 7-20 t per day @ 20%.  
Sludge production based 
on water quality 
scenarios.   

3-4 m
3
 per day @ 20%.  

Centrifuge is not operated 
every day.  About 10 m

3
 per 

week.   

~520 

Woodglen 
WTP 

(EGW) 

Coagulation, Flocculation, 
Dissolved Air Flotation, 
Filtration 

Sodium Hydroxide - pH Correction, 
Polyelectrolyte LT25 - Washwater 
clarification, Polymer flocculant aid 
(polyacrylamide LT27) - Centrifuge 
separation aid 

  Roughly 1.3 tonne per day 
average. Produced in 2 or 3 
batches 

474.5 

Ian Bartlett 
WPP 

(WPW) 

  PAC is dosed at 1.5mg/L (year round), 
Potassium Permanganate is dosed on 
occasion for iron/manganese removal 
(periodically off, occasional dose of 
around 1.0mg/L, usual is around 
0.2mg/L), Polymer LT20 will soon be 
dosed at 0.1 - 0.2 mg/L to improve 
sludge handling. Also Cupricide 
(algacide) is used twice yearly on 
average to control Blue green algae 
blooms. 

Average production is a 
plant production of 
5ML/day. This includes 
one backwash and 24 
float cycles. At the 
current time, each 
backwash is 72kL and 
each float cycle equates 
to 3kL (72kL/day). 

130kL of thickened (settled) 
sludge per week, % of solids 
is unknown (loosely 
estimated at 1.5% solids). 
Being the amount of sludge 
sent to the drying beds each 
week, each geobag on site 
(300kL capacity) runs for 
months before being cycled 
off and is allowed to dry. 

~130 
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Site Description of catchment, 
historical issues and any current 
issues (eg. fire, etc) 

Known characteristics of source 
water supply 

Seasonal issues affecting sludge 
quality or quantity. 

Outline of regulatory framework 
for sludge management & gaps 
in regulatory guidelines 

Googong 
WTP 

(ACTEW) 

Googong Dam on Burra Creek, 
drought until 2010, flooded 
December 2010 inundated the 
catchment, high colour and Iron 
remain after 2 years.  Historically 
it is a stable catchment. 

Googong Dam WQ results 
provided 

PAC operates is summer algae 
season, blue green algae results 
in 5 - 10mg/L PAC dose 

Annual notification of approval 
for disposal to landfill required 
through ACT environment. 
Analysis of sludge to confirm 
classification as inert is required 
each year.  

Stromlo WTP 

(ACTEW) 

Cotter catchment contains Corin, 
Bendora and Cotter dams. 
Bendora is generally a very 
clean catchment however it is 
susceptible to high rain events. 
Cotter not currently in use has 
been enlarged and the new 
storage level has never been 
inundated. Expect higher 
organics and turbidity in short 
term.  

Bendora Dam WQ results 
provided 

  Annual notification of approval 
for disposal to landfill required 
through ACT environment. 
Analysis of sludge to confirm 
classification as inert is required 
each year.  

Red Cliffs 
WTP 

(LMW) 

River Murray, significant 
variation in organics according to 
water flows 

Murray River - 50NTU average High river flows + Algae Initial testing and response from 
EPA (2001) was that the 
classification of dried sludge was 
soil (clean fill). LMW has treated 
the sludge as clean fill since and 
has only recently become aware 
that it may be considered by 
EPA as industrial waste. 

7th St WTP 

(LMW) 

River Murray, significant 
variation in organics according to 
water flows 

Murray River - 50NTU average High river flows + Algae Initial testing and response from 
EPA (2001) was that the 
classification of dried sludge was 
soil (clean fill). LMW has treated 
the sludge as clean fill since and 
has only recently become aware 
that it may be considered by 
EPA as industrial waste. 
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Site Description of catchment, 
historical issues and any current 
issues (eg. fire, etc) 

Known characteristics of source 
water supply 

Seasonal issues affecting sludge 
quality or quantity. 

Outline of regulatory framework 
for sludge management & gaps 
in regulatory guidelines 

West Mildura 
WTP 

(LMW) 

River Murray, significant 
variation in organics according to 
water flows 

Murray River - 50NTU average High river flows + Algae Initial testing and response from 
EPA (2001) was that the 
classification of dried sludge was 
soil (clean fill). LMW has treated 
the sludge as clean fill since and 
has only recently become aware 
that it may be considered by 
EPA as industrial waste. 

Wurdee Boluc 
WTP 

(Barwon) 

Otway Ranges supplemented by 
bore water 

Low turbidity, moderate colour None n/a 

Moorabool 
WTP 

(Barwon) 

East & West Moorabool Rivers Low turbidity, moderate colour None n/a 

Wodonga 
WTP 

(NEW) 

  Soft water (low Alkalinity) heavy rain in catchment   

Benalla WTP 
DAFF plant 

(NEW) 

Floods & fires Colour from trees heavy rain in catchment   

Lance Creek 
WTP 

(SGW) 

2000 Ha, open catchment, 
mostly cattle grazing (beef & 
dairy).  30 km of waterline.  30% 
waterline is protected.  7 dairy 
farms with effluent dams. 

Average WQ turbidity 4NTU, 
colour 60 units. 

Poor WQ turbidity 50NTU, colour 
60 units 

Significant rain events – 50 NTU, 
colour 240 units 

BGA outbreaks over summer.  
During outbreaks more solids & 
backwashing thus more sludge.   

EPA do not want stockpiling of 
alum sludge at SGW sites.  An 
upgrade to the existing drying 
area is planned. No guidance for 
land application.  

Woodglen 
WTP 

(EGW) 

National Park. Fires and Floods 
have previously impacted 
catchment 

Low Turbidity (10NTU average 
during harvesting), Low Colour 
(10Pt/Co units average) 

Centrifuge does not produce as 
high a solids content as summer. 
Lower quantity during winter due 
to lower demand 
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Site Description of catchment, 
historical issues and any current 
issues (eg. fire, etc) 

Known characteristics of source 
water supply 

Seasonal issues affecting sludge 
quality or quantity. 

Outline of regulatory framework 
for sludge management & gaps 
in regulatory guidelines 

Ian Bartlett 
WPP 

(WPW) 

Catchment is farmland, size 
unknown (around 1,500km

2
?) 

with some sealed roads through 
catchment - no major traffic 

Prone to a number of algae 
outbreaks each year, with 1-2 
blue green algae outbreaks on 
average per year. Large 
waterbird population around 
reservoir, and currently full of fish 
(redfin) and eels. Otherwise, 
Dissolved oxygen saturation is 
around 90%, EC is 300-400 and 
pH is around 7-8. 

Turbidity increases with storm 
events, there can be an 
increased alum dosage to try and 
cover increases in DOC/TOC. 
Iron and manganese can 
fluctuate during different times of 
the year (due to level), but the 
most predominant change to the 
volume of sludge produced is the 
increase of water IBWPP has to 
supply. Winter flows can average 
2-3ML/day while summer flows 
during the peak of the holiday 
season in summer can top 
13ML/day. One problem is the 
sludge management system at 
this WPP has a shorter 
turnaround with the higher flows, 
but runs reasonably when 
enough attention is given to 
ensure its operation correctly. 

Not scheduled EPA licenced 
site- managed according to EPA 
classification of waste. No 
specific guidelines for sludge 
reuse or classification 
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Appendix B – Analysis of alum sludge conducted by 
survey respondents 

This table outlines the parameters tested for by water utilities.  

SGW SEQWater NEW GVW (Stockpiles) ACTEW 

Aluminium Aluminium Aluminium Aluminium Aluminium (total & 
leachable) 

  Antimony Antimony  

Arsenic Arsenic Arsenic Arsenic Arsenic (total & 
leachable) 

  Barium Barium  

  Berylium Berylium Berylium 
(leachable) 

Boron Boron Boron Boron  

Cadmium Cadmium Cadmium Cadmium Cadmium (total & 
leachable) 

Chromium (total, 
Cr3+ & Cr 6+) 

Chromium Chromium  Chromium (total & 
leachable) 

  Cobalt   

Copper Copper  Copper Copper 

Iron Iron Iron  Iron 

 Lead Lead Lead Lead (total & 
leachable) 

 Magnesium    

Manganese Manganese Manganese  Manganese 

Mercury Mercury Mercury Mercury Mercury (total & 
leachable) 

  Molybdenum Molybdenum Molybdenum (total 
& leachable) 

Nickel Nickel Nickel Nickel Nickel (total & 
leachable) 

Selenium  Selenium Selenium Selenium (total & 
leachable) 

  Silver Silver Silver (leachable) 

  Strontium   

  Thallium   

  Tin   

  Titanium   

  Vanadium   

Zinc Zinc Zinc Zinc  

 pH  pH  

Ammonia Nitrogen Ammonia Nitrogen    

Total Nitrogen Total Nitrogen Total Nitrogen   

Kjeldahl Nitrogen Kjeldahl Nitrogen Kjeldahl 
Nitrogen 

  

Total Oxidised 
Nitrogen  

Total Oxidised 
Nitrogen  

Total Oxidised 
Nitrogen  
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SGW SEQWater NEW GVW (Stockpiles) ACTEW 

Phosphorus Phosphorus Phosphorus   

 TOC    

 Potassium    

 Sodium    

 Calcium    

Alkalinity Alkalinity    

   Cyanide Cyanide 

 Fluoride  Fluoride Fluoride 

Organochlorine 
pesticides 

 Organochlorine 
pesticides 

Organochlorine 
pesticides 

 

  Organophospha
te 

  

   TPH  

   PAH  

   BTEXN  

VOC   VOC  

   Trihalomethanes  

   Chlorinated 
Hydrocarbons 

 

   Halogenated 
Aromatic Compounds 

 

PCB  PCB PCB  

   Phenols  

   Explosives  

   Herbicides  

   Phthalates  

Total Solids Total Solids   total solids 

 Moisture Content 
(dried at 103°C) 

 Moisture Content 
(dried at 103°C) 

 

 Leachate Test 
(ASLP) 

   

 Leachate Test 
(TCLP) 

   

 Wettability    

 

 

 



 

 

 

 

  

GHD 

CNR Hazelwood Drive & Lignite Court 
Morwell VIC 3840 
T: (03) 5136 5800   F: (03) 5136 5888   E: mwlmail@ghd.com.au 

 

© GHD 2015 

This document is and shall remain the property of GHD. The document may only be used for the 
purpose for which it was commissioned and in accordance with the Terms of Engagement for the 
commission. Unauthorised use of this document in any form whatsoever is prohibited. 

\\ghdnet\ghd\AU\Morwell\Projects\23\14907\WP\17120.docx 

Document Status 

Rev No. Author 
Reviewer Approved for Issue 

Name Signature Name Signature Date 

Milestone 
1 - A 

P. Maiden 
P Chier 

M 
Warnecke 

 C. Ferguson  29/10/13 

Milestone 
1 - B 

P. Maiden P Chier  P. Maiden  25/11/13 

Milestone 
2 - A 

P. Maiden 
M 
Warnecke 
R Boysen 
P Chier 
 

C. 
Ferguson 

 C Ferguson  14/02/2104 

Milestone 
3 – 0 

M. Hearn 
R. Boysen 
P. Maiden 

P. Maiden  P. Maiden  28/1/2015 

Milestone 
4 – 0 

M 
Chapman  

P. Maiden  P. Maiden  10/04/2015 

Milestone 
4 – 1 

P Maiden 
C. 
Ferguson 

 P. Maiden  25/6/2015 

Milestone 
4 – 2 

P Maiden P Chier  P Maiden  28/7/2015 

Final  P. Maiden 
C. 
Ferguson 

 C. Ferguson 

 

5/8/2015 

 

 



 

 

 

www.ghd.com 

file://///192.168.0.50/ids_media/IDS/Work/GHD/MSO2010/2010_ReportTemplate/www.ghd.com

