
916 Wolkersdorfer, Ch.; Sartz, L.; Weber, A.; Burgess, J.; Tremblay, G. (Editors)

Can Phosphate Be Used To Improve The 
Hazardous Status Of High Density Sludge And 

Transform It Into An Agricultural Product? 
B.H. Sukati, P.C. De Jager, J.G. Annandale, P.D. Tanner

Department of Plant and Soil Sciences, University of Pretoria, X20, Hat� eld 0028, South Africa
chris.dejager@up.ac.za

Abstract
High Density Sludge (HDS) is o� en classi� ed as hazardous due to metal solubility. � e 
objective was to investigate if phosp hate (PO4) treatment can stabilize HDS. HDS with 
high soluble Mn (Hi-sol Mn) and another with low soluble Mn (Lo-sol Mn) were treat-
ed with 50 mg/L P and 4000 mg/L P solutions. Lo-sol Mn showed low metal solubility 
before and a� er treatment. Soluble Ni in Hi-sol Mn was reduced from 2.9 to 0.07 mg/L 
a� er 4000 mg/L P treatment and Pb remained at <0.1 mg/L before and a� er treatment. 
� is improved both materials towards a better plant nutrient source. 
Keywords: High Density Sludge, TCLP, AMD 

Introduction 
High density sludge (HDS) is generated dur-
ing acid mine drainage (AMD) treatment by a 
mixture of recycled sludge and a combination 
of limestone (CaCO3) and lime (Ca(OH)2) 
(Aubé and Zinck 1999). Depending on the 
chemical used to treat AMD, HDS can be al-
kaline regardless of the process and contains 
varying concentration of various transition 
metals (e.g Ni, Pb, Hg, Co, Cr, Cd, Zn, Cu). 
� ese metals can be traced back to the chem-
istry of AMD treated and the liming mate-
rial (Johnson and Hallber 2005, Kalin et al. 
2006). Based on composition and solubility of 
metals, HDS is o� en classi� ed as a hazardous 
waste. � e potential environmental risk is a 
function of the solubility of these metals. 

From an agricultural point of view, it 
contains various elements essential for plant 
growth. As a result of the treatment, it is par-
ticularly high in Ca and S, as SO4, residing in 
gypsum (CaSO4.2H2O). Other essential ele-
ments are Mg, an element o� en de� cient in 
highly leached soils, and trace elements like 
Zn and Cu. � e material also contains 10 – 
30 % residual lime depending on the process 
(Maree et al. 2004 and Zinck 2006) that can 
increase the pH of acid soils. Using phos-
phate (PO4) to chemically stabilize waste by 
decreasing the solubility of metals in it, is a 
well-established practice. Metal stabilization 

by PO4 was demonstrated; in bottom ash of 
municipal solid wastes (Crannell et al. 2000), 
in polymineralic mine wastes (Harris and 
Lottermoser 2006), and in soils (Kumpiene et 
al. 2006). Phosphate facilitates surface sorp-
tion and precipitation of especially transition 
metals reducing their solubility. Crannell et al. 
(2000) results indicated that Pb was precipi-
tated by PO4 into a sparingly soluble mineral, 
lead hydroxypyromorphite (Pb5(PO4)3OH). 
According to Barthel and Edwards (2004), 
Kumpiene at al. (2008) metal-phosphate pre-
cipitates have low solubility due to their low 
Ksp (solubility potential) values. Stabilization 
of other metals (e.g. Zn, Cu, Cd) also occurs 
on the surfaces of Ca5(PO4)3OH through 
sorption processes or by isomorphous sub-
stituting for Ca in the Ca5(PO4)3OH struc-
ture (Eighmy et al. 1997 and Crannell et al. 
2000). Not investigated in these studies were 
the potential redox stabilisation introduced 
by phosphate. HDS contains a fair amount of 
iron oxides, hence the objective of this study, 
was to investigate the e� ectiveness of phos-
phate (PO4) as a form of environmental stabi-
lisation of metals in HDS. � at is if phosphat-
ing decreases the susceptibility of HDS to 
reduction and if this decreases the solubility 
of the constituents of HDS, for example met-
als, such as Ni and Pb. 
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Methods 
Types of HDS used and their sources 
Two HDS sludges from Mpumalanga Coal-
� elds in South Africa, sampled in 2016, were 
considered. One HDS was sourced from an 
AMD treatment plant that uses CaCO3 alone 
(Hi-Sol Mn HDS). � e other was from a 
plant that uses a combination of CaCO3 and 
Ca(OH)2 (Lo-Sol Mn HDS). 

Determination of mineralogy
Mineralogy of HDS was determined with 
X-ray Di� raction (XRD) before and a� er 
phosphating. PANalytical X’Pert Pro Powder 
Di� ractometer. � e procedure described by 
Loubser and Verryn (2008) was followed.

Alkalinity and pH determination
� e pH was determined before and a� er 
phosphating as described by � omas (1996) 
in Methods of Soil Analysis Part 3 Chemical 
Methods (1996) in both HDS types. 

Phosphating of HDS and solubility 
assessment 
� e two types of HDS were treated with solu-
tions spanning a wide phosphate concentra-
tion range: 0, 50, 100, 250, 500, 1000, 2000, 
4000 and 6000 mg P l-1. In each case, one gram 
of material was reacted with 25 ml of solution 
prepared from KH2PO4. Equilibration was al-
lowed to occur for two days at constant tem-
perature (25 °C). During this time the stop-
pered tubes were shaken end to end at 180 
oscillations per minute for 2 hours per day. 
A� er 48 hours the samples were centrifuged 
at 300 revolutions per minute for 10 minutes 
and � ltered through Whatman No. 42 � lter 
paper and 0.45 µm EconoClear membrane � l-
ters. Standard P solutions; 0, 5, 10, 50, 100 1nd 
250 mg l-1 were prepared and read through 
ICP-OES before the determination of P in the 
� ltered solutions. � is data as used separately 
to asses P sorption of HDS. � e phosphated 
material was then oven-dried at 30 °C un-
til attained a constant mass. To assess metal 
solubility before and a� er phosphating the 
Toxicity Characteristic Leaching Procedure 
(TCLP 1311): from the Solid Waste Manual 
846 (SW-846) by the US Environmental Pro-
tection Agency (EPA) (1992) was used. 

Determination of total elemental content 
before and a� er phosphating 
Microwave assisted acid digestion, EPA 
method 3052 (EPA SW‐846 2014) was fol-
lowed. A� er digestion, elements were de-
termined by  Inductively Coupled Plasma 
Optical Emission Spectrometry (ICP-OES. 
X-ray Fluorescence (XRF) which uses ARL 
9400XP+ Wavelength dispersive XRF Spec-
trometer was also used to determine total 
elemental content following the procedure 
described by Loubser and Verryn (2008). 

Redox stability assessments
Susceptibility to reductive dissolution was 
investigated by using reductants to extract 
Fe, Mn, Al, Pb and Ni. As discussed by 
Courchesne and Turmel (2007), dithionite-
citrate, was used to determine amorphous 
inorganic forms of Al, Fe and Mn. Similarly, 
acid ammonium oxalate and acid hydroxyl-
amine were also used to estimate the same 
elements and forms as with dithionite-citrate, 
but to a lesser extent crystalline form. 

Determination of Total Electron Demand 
(TED) and Manganese Electron Demand 
(MED) before and a� er phosphating
Total Electron Demand and MED were deter-
mined by following procedures described by 
Bartlett and James (1995). 

Results and discussion 

Mineralogy and basic chemical properties 
of non-phosphate HDS
� e pH of Hi-Sol Mn HDS was 5.5 with an 
alkalinity of 13 while Lo-Sol Mn HDS had a 
pH of 8.2 with an alkalinity of 16 as CaCO3 
(Table 1). � e acidic pH in Hi-Sol Mn HDS 
was due to the use of CaCO3 alone which has 
slow reaction kinetics and there was possibil-
ity of particles being coated by Fe precipitates 
making it unable to achieve a higher pH (Lot-
termoser 2007). While the alkaline pH 8.2 
of Lo-Sol Mn HDS resulted from using the 
combination of CaCO3/Ca(OH)2. Limestone 
e� ectively increases the solution pH to 4.5 
and from this point Ca(OH)2 is used to in-
crease the pH to desired levels precipitating 
most metals (Wilmoth 1977 and Lottermoser 
2007). 
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Hi-Sol Mn HDS was approximately 72 – 
77 % crystalline phase of CaSO4.2H2O (Table 
1). According to Zinck et al. (1997), Aubé and 
Lee (2015) the only mineral o� en identi� ed in 
fresh HDS are CaSO4.2H2O and CaCO3. Gyp-
sum precipitation in sludge was facilitated by 
high concentrations of Ca from the limestone 
and S from AMD. In addition XRD further 
showed 4 % of a carbonate mineral – ankerite 
(Ca(Fe,Mg,Mn)(CO3)2). Ankerite formation 
was facilitated by the lower pH (5.5) of HDS 
and the increased concentrations of Fe, Mg, 
Mn and Ca (Hendry et al. 2000 and Lollar et 
al. 2005). Amorphous Fe(OH)3 formed 22 % 
of the non-phosphated Hi-Sol Mn HDS min-
eral composition. XRD technique showed > 
95 % crystalline phase of CaSO4.2H2O as the 
only mineral that was dominating the non-
phosphated Lo-Sol Mn HDS (Table 1).

Phosphate e� ect on the reduction of 
Hi-Sol Mn and Lo-Sol Mn HDS
� e main environmental concern was the 
solubility of metals requiring chemical stabi-
lization, especially Pb and Ni in HDS (Table 
2). � e solubility of these metals is controlled 
by pH and the addition of PO4 at 4000 mg P l-1 

slightly reduced the pH by 0.6 down to 4.9 for 
the Hi-Sol Mn HDS. Phosphating e� ectively 
prevented the reduction of Hi-Sol Mn HDS 
which further reduced Ni solubility. Soluble 
Ni (2.9 mg l-1) in the non-phosphated mate-
rial was reduced by a maximum of 97.6 %. 
� e reduction in soluble Ni substantially im-
proved the environmental hazardous status of 
Hi-Sol Mn HDS. Solubilities of other metals 
including Pb were extremely low even before 
the addition of PO4, that is, in the non-phos-
phated Hi-Sol Mn HDS. To further explain 

Table 1: Mineralogy and basic chemical properties of HDS

Parameter Hi-Sol Mn HDS Lo-Sol Mn HDS Units

Process Limestone Lime/Limestone

pHH2O 5.5 8.2

Total Alkalinity as CaCO3 13 16 mg kg-1

Mineralogy a Gypsum (72 – 77 %), 22 % ferric 
hydroxide (Fe(OH)3, 4 % ankerite 
(Ca(Fe,Mg,Mn)(CO3)2) 

Gypsum (> 95 %)

Total
elemental 
content b 

As 0.1 0.5 mg kg-1

B 379.7 329 mg kg-1

Ba 465 118 mg kg-1

Cd < 1 <0.1 mg kg-1

Ca 182961 235849 mg kg-1

Co 73 149 mg kg-1

Cu 80 15.5 mg kg-1

Cr 68 134 mg kg-1

Fe 146319 114570 mg kg-1

Hg N.A. <0.1 mg kg-1

Mg 6513 46015 mg kg-1

Mn 7590 7847 mg kg-1

Mo 3.3 2.8 mg kg-1

Ni 108 167 mg kg-1

Pb <1 143 mg kg-1

Sb N.A. N.A. mg kg-1

Se 25 21 mg kg-1

V 56 4 mg kg-1

Zn 285 611 mg kg-1

a Determined by XRD, b Determined by XRF
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elemental speciation and mineral phases 
formed, Phreeqc Interactive version 3.3.12-
12704 was used. 

Phosphate stabilized Ni in Hi-Sol HDS 
by forming Ni3(PO4)2(s) phase but was un-
der saturated. No phases were formed be-
tween PO4 and Pb. Most of the PO4 was 
precipitated with respect to hydroxyapatite 
(Ca5(PO4)3OH) with a Saturation Index (SI) 
of 6.8. Other mineral phases that were satu-
rated but not involving PO4 included; An-
hydrite (CaSO4), Gypsum (CaSO4.2H2O) 
and Alunite (KAl3(SO4)2(OH)6) with SI that 
ranged from 0.1 to 1.0. � erefore, the added 
PO4 stabilized mostly Ca. � e substantial re-
duction in the solubility of Ni, Pb and other 
metals of concern was mainly a contribution 
of adsorption on the reactive surfaces of satu-
rated phases (Eighmy et al. 1997, Crannell 
et al. 2000 and Karna et al. 2017) since there 
were no substitutions identi� ed. 

Using a combination of CaCO3 and 
Ca(OH)2 to treat AMD generated Lo-Sol Mn 
HDS that showed minimal solubility of met-
als making it a less risk to the environment. 
Phosphating this material with PO4, substan-
tially decreased the solubility of metals reduc-
ing further its environmental risk. � e addi-
tion of PO4 at 4000 mg P l-1 slightly reduced 
the pH by 0.4 down to 7.9. � ere was a com-
plete immobilization of both Ni and Pb. � e 
added PO4 improved the chemical stability of 
Ni by forming Ni3(PO4)2(s) phase although it 
was undersaturated. Mostly the solution was 
saturated with respect to Ca5(PO4)3OH that 
had an SI of 19. Other mineral phases that 
precipitated but excluded PO4 were Al(OH)3, 
CaSO4, Boehmite (γ-AlO(OH)), CoSe, Dia-

spore (α-AlO(OH)), Gibbsite (Al(OH)3)) and 
CaSO4.2H2O with SI ranging from 0.02 to 
1.0. � ere were no phases that were formed 
between PO4 and Pb. � ere is possibility that 
this element, some of the Ni and other met-
als were adsorbed on the surfaces of saturated 
phases (Eighmy et al. 1997, Crannell et al. 
2000 and Karna et al. 2017)

In summary, the solubility of metals espe-
cially Ni in Hi-Sol Mn and Pb in Lo-Sol Mn 
HDS were chemically stabilized successfully 
by the addition of PO4 as demonstrated in 
Table 2. � erefore, both materials can be of 
low risk to the environment a� er phosphat-
ing. � e sequestration of plant nutrients Mn, 
Fe, P, Ca, Mg and K could be a disadvantage 
in the short term but can be slowly released 
through dissolution of e.g. CaSO4.2H2O 
and Ca(Fe,Mg,Mn)(CO3)2 for the bene� t of 
plants. 

Does phosphating HDS make it more 
stable against reduction?
Manganese electron demand directly deter-
mined the oxidation capacity of Mn oxides in 
HDS, whereas TED estimated the oxidation 
capacity of both Mn and Fe (Van Bodegom 
et al. 2002 and Sparks 1993). Amorphous fer-
rihydrite remained as the predominant Fe 
source in HDS. As determined by TED, the 
addition of PO4 from 50 to 6000 mg P l-1 sig-
ni� cantly decreased reducible Fe in Hi-Sol 
Mn HDS from 28 to 0.9 mmol e- (Fig. 1 a). 
� is showed that PO4 prevented the reduc-
tion of HDS hence reduced the concentration 
of Fe2+ determined by TED. � e added PO4 
was adsorbed and formed sparingly soluble 
complexes with ferrihydrite preventing the 

Constituents Hi-Sol Mn HDS Lo-Sol Mn HDS

Non-phosphated Phosphated at 
50 mg P kg-1

Phosphated at 
4000 mg P kg-1

Non-
phosphated

Phosphated at 
50 mg P kg-1

Phosphated at 
4000 mg P kg-1

TC
(mg kg-1)

TCLP
(mg l-1)

TC 
(mg kg-1)

TCLP 
(mg l-1)

TC
(mg kg-1)

TCLP
(mg l-1)

TC 
(mg kg-1)

TCLP 
(mg l-1)

TC
(mg kg-1)

TCLP
(mg l-1)

TC
(mg kg-1)

TCLP
(mg l-1)

Fe 146319 <0.01 149158 1.9 142353 0.02 114570 <0.4 114940 0.14 94947 <0.01

Mn 7590 259 6016 4.8 5207 1.16 7847 <0.04 7772 2.9 6867 1.03

Ni 108 2.9 107.5 0.26 104.7 0.07 167.3 <0.04 159.5 0.26 128.6 <0.01

Pb <1 <0.1 <1 <0.1 <1 <0.1 143 <0.1 <0.1 <0.1 <0.1 <0.1

Note: TC = Total Concentration; TCLP = Toxicity Characteristic Leaching Procedure, N.A. = Not analysed, N.R. = Not Reported

Table 2: total and leachable concentrations of constituents for both HDS
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reduction of HDS (Cornell and Schwert-
mann 2003). � e addition of PO4 in Lo-Sol 
Mn HDS from 50 to 6000 mg P l-1 facilitated 
the reduction of this material signi� cantly in-
creasing Fe release from 2.6 to 7 mmol e-. � is 
indicated that phosphating increased TED. A 
signi� cant increase in the MED from 0.2 to 
1.7 mmol e- in Lo-Sol Mn HDS was achieved 
by increasing the application rate of PO4 from 
50 to 6000 mg P l-1 as determined by MED 
(Fig. 1 a). But in Hi-Sol Mn HDS adding 
any rate of PO4 could not increase the oxida-
tion capacity of Mn. � e reason was that Mn 
was already oxidised to Mn(III) or Mn(IV). 
� e reason why TED increased is because it 
seemed that phosphate actually facilitated the 
oxidation of Mn(II). 

Reductive promoted dissolution of HDS 
before and a� er phosphating 

Generally, the addition of PO4 at 50 and 6000 
mg P l-1 to both materials signi� cantly reduced 
the extractability of Fe, Mn and Al (Fig. 1 b) 
for all extractants. Fe was the most extracted 
by all extractants in all sludges (before and af-
ter phosphating) followed by Al, Mn, Ni and 
Pb being the least. Ni extracted by all extract-
ants in both HDS before and a� er treatment 
was less than 0.014 %, while Pb was 0 %. Mn 
was extracted mostly from Lo-Sol Mn HDS 
by dithionite and hydroxylamine. � e high 
concentration of Mn extracted from Lo-Sol 
Mn HDS was due to the reduction condi-
tions and the existence of PZC of Mn oxides 
at pH > 7 that prohibited complexation with 

PO4 (Graham et al. 1988) since the material 
had a pH of 8.2. Acid ammonium oxalate was 
not only able to extract most of this Mn oxide 
from the 6000 mg P l-1 phosphated Lo-Sol Mn 
HDS. � e reason was that acid ammonium 
oxalate enhanced the reduction and dissolu-
tion of the highly phosphated HDS releas-
ing both Fe and Mn oxides. Hi-Sol Mn HDS 
(both phosphated and non-phosphated) had 
a pH of 5.5, which falls within a pH range 
2 – 7 where Mn had a high a�  nity for PO4 
hence the extracted quantities by all extract-
ants were lower (Graham et al. 1988). Fe and 
Al oxides were signi� cantly extracted mostly 
from Hi-Sol Mn HDS (both phosphated and 
non-phosphated) by all extractants. 

Conclusions and recommendations 
Phosphating Hi-Sol Mn and Lo-Sol Mn HDS 
at 4000 mg P l-1 substantially reduced the solu-
bility of Mn, Ni, Pb and other metals through 
adsorption on reactive surfaces of amorphous 
Fe(OH)3 and precipitation into mineral phas-
es. A� er PO4 addition, Fe proved to be the 
most soluble when both HDS were subjected 
to di� erent reducing extractants, followed 
by Al, Mn, Ni and Pb being the least. Add-
ing PO4 at 50 and 6000 mg P l-1 reduced TED 
in Hi-Sol Mn HDS, but increased it in Lo-Sol 
Mn HDS. � e addition of PO4 did not change 
MED for Hi-Sol Mn HDS but increased that 
of Lo-Sol Mn HDS phosphate at 6000 mg P 
l-1. Phosphating reduced metal solubility and 
improved both materials towards better plant 
nutrient sources.

Fig. 1: a) Mn electron demand and Total electron demand for HDS, b) Fe, Mn and Al extraction by Dithion-
ite, Acid ammonium oxalate and Hydroxylamine in HDS 
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