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a  b  s  t  r  a  c  t

This  study  used  a vitrification  process  (with  good  potential  for commercialization)  to  recover  valuable
metals  from  Zn  phosphating  sludge.  The  involved  vitrification  process  achieves  two  major  goals:  it trans-
formed  hazardous  Zn  phosphating  sludge  into  inert slag  and  it concentrated  Fe  (83.5%)  and  Zn  (92.8%)  into
ingot and  fine  particulate-phase  material,  respectively.  The  Fe  content  in the ingot  was  278,000  mg/kg,
making  the  ingot  a potential  raw material  for iron  making.  The  fine  particulate-phase  material  (collected
eywords:
inc phosphating sludge
ecovery
itrification
morphous

from  flue  gas)  contained  abundant  Zn  (544,000  mg/kg)  in  the form  of ZnO.  The  content  (67.7%)  of  ZnO
was  high,  so  it can  be  directly  sold  to  refineries.  The  recovered  coarse  particulate-phase  material,  with
insufficient  amount  of  ZnO,  can  be recycled  as a feeding  material  for Zn  re-concentration.  Therefore,  the
vitrification  process  can  not  only  treat  hazardous  materials  but  also  effectively  recover  valuable  metals.

© 2011 Elsevier B.V. All rights reserved.

asicity

. Introduction

Phosphating is widely used in the metal pretreatment processes
or the surface finishing of ferrous and nonferrous metallic compo-
ents. It can yield excellent wear resistance, corrosion resistance,
dhesion, and lubrication properties in an economic and rapid
ay [1,2]. Among these phosphating technologies, Zn phosphat-

ng coated components exhibit good corrosion resistance and can
ndure severe environments [3]. Therefore, this technology is often
sed to produce components in automotive and electronics indus-
ries.

In general, three main reactions involve in a zinc phosphating
rocess: pickling, coating, and sludge reactions [4].  A pickling reac-
ion (reaction (1))  occurs when zinc phosphate solution contacts
he surface of a plated object; by this way, H+ ions may  dissolve
ome metals on the object’s surface. This reaction is essential for
he coating formation because it cleans the surface and improves
he adhesion of the coating of the base metals.

e + 2H+ + 2Ox → Fe+2 + 2HOx (1)

Ox: oxidation agents (used as accelerators for the pickling reac-

ion)

For the coating reaction, the pH rises due to the consumption
f H+ ions in the pickling reaction. Metal cations react with the

∗ Corresponding author. Tel.: +886 6 2674567x854; fax: +886 6 2675049.
E-mail addresses: yiming@mail.hwai.edu.tw, kuoyiming@gmail.com

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.11.081
phosphate in the solution and become deposited on the object’s
surface as crystalline zinc phosphate (reaction (2)).

2Zn+2 + Fe+2 + 2H2PO4
−·4H2O → Zn2Fe(PO4)2·4H2O + 4H+ (2)

After the coating reaction, Fe+2 ions from the pickling reaction
are oxidized by oxidative reagents and precipitate as sludge (reac-
tions (3) and (4)). As a result, residual Zn+2 ions are incorporated
into the solution from the dissolution of zinc phosphate during the
coating reaction and do not form any sludge.

Fe+2 + H+ + Ox → HOx + Fe+3 (3)

Fe+3 + H2PO4
− → FePO4 + 2H+ (4)

According to reactions (2)–(4),  Zn+2 should not be precipitated
to form sludge after the final reaction. However, the disposal (often
by coagulation and flocculation) of spent zinc phosphate solution
often makes the Zn+2 ions concentrated into iron phosphate sludge
[5]. Consequently, the sludge generated in the zinc phosphating
process usually contains high levels of Fe and Zn, which are valu-
able metals. A conventional method for treating the phosphating
sludge is solidification followed by landfill. This prevents the metals
from being reused and may  cause secondary environmental pollu-
tion. Therefore, it is attractive to recover these valuable metals from
phosphating sludge.

Vitrification is usually used to stabilize hazardous materials,

such as fly ash, radioactive waste, spent alkaline batteries, and spent
catalysts [6–9]. Although vitrification is a high-energy-consuming
and high-cost technology, it has some major advantages over
other methods [10]. It can effectively immobilize toxic metals and

dx.doi.org/10.1016/j.jhazmat.2011.11.081
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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regarded as fine particulate-phase metals. After the filter, the flue
gas passed through five impingers serially connected in a mod-
ule (Fig. 2), for sampling the gas-phase metals. Impingers 1 and
Fig. 1. Flow chart o

ransform hazardous waste into stabilized slag [11]. It can also
ecompose organic pollutants, such as polycyclic aromatic hydro-
arbons (PAHs) and dioxins, to prevent secondary pollution [12].
or raw materials rich in precious metals, vitrification can recover
he metals in the form of ingot [13].

A previous study reported that Cr electroplating sludge can be
itrified with cullet and incineration bottom ash [14]. The sludge
as transformed into stable slag with low hazardous metal leach-

ng ratios. However, most of the Cr was encapsulated in the slag
n the form of Cr2O3 and could thus not be recovered. The objec-
ive of the present study is to stabilize zinc phosphating sludge and
ecover Fe and Zn from the sludge. Therefore, we  examine if these
wo metals in zinc phosphating sludge could be transformed into
ecoverable forms via the high temperature treatment during vit-
ification. The metal compositions of input and output materials
ere analyzed and the crystalline characteristics of the products
ere examined. In addition, the fates of Fe and Zn during the vit-

ification process were investigated to determine the feasibility of
sing vitrification to recover such metals.

. Experimental

.1. Raw material preparation

Zinc phosphating sludge was sampled from a Zn coating fac-
ory in southern Taiwan. The sludge was dried at 105 ◦C for 1
ay to remove water content. Additives, namely cullet, dolomite
CaCO3·MgCO3), and limestone (CaCO3), were pulverized and
dded before vitrification. The first and the latter two acted as a
lass former and glass modifiers, respectively. According to the
esults of a previous study, additives with a mixed mass ratio of
olomite: limestone: cullet = 1:3:4 were adopted [8].  According to
he composition of additives, the basicity of each specimen (mass
atio of CaO/SiO2 before vitrification) was controlled at 0.6 in such

 mixed mass ratio. The additive ratio (AR, defined as total additive
ass/input material mass) was used as an operating parameter to

xamine the separation efficiency of Fe. The sludge and additives
ere mixed with ARs of 0.1, 0.2, 0.3, and 0.4 to evaluate the effect of
Rs on the metal recovery; after vitrification, the correspondingly
btained slags were named S-1 to S-4 respectively. In the round
f AR = 0.2, the output materials in the flue gas were specifically
nalyzed to investigate the distribution of metals.

The involved vitrification system was a modified version of that
sed in a previous study [8].  A flow chart of the system is shown

n Fig. 1. The premixed powdery specimens were held in graphite
rucibles and heated using a vitrification furnace. The furnace has
nner space dimensions of 25 cm × 25 cm × 20 cm;  it is coated with

efractory materials and equipped with four Si2Mo  heating rods.
he furnace is electrically heated (220 V × 30 A) and the maximum
peration temperature is 1600 ◦C. The temperature program is:
eating from 30 to 1000 ◦C at a heating rate of 6 ◦C/min, heating
itrification system.

from 1000 to 1450 ◦C with a heating rate of 4 ◦C/min, isothermal
holding at 1450 ◦C for 1 h, and cooling to room temperature. The
energy consumption for the vitrification process was about 20 kWh.
The cooled solid specimens were separated by gravity into two
parts (slag and ingot) according to their physical characteristics.
During vitrification, molten materials with higher density crept
toward the bottom and gathered as ingot after cooling, whereas
the residual fraction floated to the upper layer and formed slag
after cooling. The flue gas was pumped from the top outlet through
a water-cooling circulation device to reduce the temperature to
under 70 ◦C. The particulate phase and gas phase metals in the flue
gas were sampled by a filter and a gas-phase sampling module,
respectively.

2.2. Gas phase sampling

The flue gas was sampled using a pump (1AM, Gast) with a
flow rate of 3 L/min. The flow rates before and after sampling were
measured and averaged as mean flow rates to determine the total
sampled gas volume. The metal species in the flue gas were divided
into particulate-phase and gas-phase metals. In the cooling down
process, some coarse particulate matter adhered to the inner wall
of the stainless steel tubes connecting the vitrification furnace and
water-cooling circulation device, with the remaining coarse par-
ticulate matter adhering to the water circulation tubes. An acid
solution of 0.1 N HNO3 was used to rinse the tube walls. The washed
solution was  digested, filtrated, and then analyzed to measure the
metal mass, which was taken as coarse particulate-phase metals.
Glassfiber filters, following the water cooling circulation device,
were used to collect the fine particulate matter. The glassfiber filters
(Tissuquartz, 2500QAT-UP) (made of pure quartz) with the diam-
eter of 51 mm,  thickness of 432 �m (17 mils), and specific weight
of 5.8 mg/cm2, can capture 99.9% aerosols during sampling. Each
filter was  conditioned and precisely weighed before and after sam-
pling to measure the particulate matter mass. The sample was  then
digested and analyzed to determine the metal mass, which was
Fig. 2. The impinger module used for gas-phase metal sampling.
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 were empty, impingers 2 and 3 were filled with a solution of
%HNO3 + 10%H2O2, and impinger 5 was filled with silica gel. The
xperimental procedure followed the standard method for gas-
hase sampling given in Taiwan EPA NIEA A302.72C [15]. The metal
oncentrations of the solutions were then analyzed using atomic
bsorption spectrometry (AAS) to calculate the gas-phase metal
ass.

.3. Digestion procedure

The solid specimens, namely zinc phosphating sludge, cullet,
olomite, limestone, slag, ingot, and particulate matter, were all
igested in triplicate for subsequent instrumental analysis. The
tandard method given in the USEPA Method Study 37-SW-846
ethod 3050b was modified to improve the digestion efficiency

16]. Specimens were pulverized to a size, which can pass a mesh-
00 sieve (148 �m)  to ensure consistent digestion. Each powdery
pecimen (0.3 g) was added to an acid mixture of 1 mL  HF (hydro
uoride) + 3 mL  HCl (hydro chloride) + 5 mL  HNO3 (nitric acid), held

n a sealed Teflon vessel, and digested by a microwave digester
MARS Xpress, CEM). The specimens were heated from 30 ◦C to
80 ◦C at a rate of 10 ◦C/min, held isothermally for 1 h, and cooled
own to room temperature. The digests were diluted to 50 mL  with
eionized water, filtrated by a mixed cellulose ester filter, and then
nalyzed using AAS.

.4. Toxicity characteristics leaching procedure

The toxicity characteristics leaching procedure (TCLP) was used
o assess the metal mobility of the slag. The leaching, dilution, and
igestion procedures followed the standard method stated in the
SEPA Method 1311 [17]. The digests were then analyzed by AAS.

.5. Instrumental analysis

AAS (Sens AA, GBC) was used to analyze the metals in the solu-
ions of impingers and the digests of solid specimens and TCLP
amples. The concentrations of Al, Ca, Cd, Cr, Co, Cu, Fe, K, Mg,  Mn,
i, Pb, and Zn in these solutions were measured in triplicate for each

ample to obtain an average value and relative standard deviation
RSD = (standard deviation/average) × 100%).

.6. Analysis of surface and crystalline characteristics

Scanning electron microscopy–energy dispersive spectroscopy
SEM–EDS, JEOL JXA-840) was used to examine the surface char-
cteristics of solid specimens. Powdery specimens (smaller than
4 �m)  were stuck on a metallic plate and coated with a film of
u using an ion coating sputter. Electron beams accelerated with

 voltage of 25 kV were used to scan the specimens’ surface with a
agnification factor of 10,000.
An X-ray powder diffractometer (XRD, Geigerflex 3063) with

i-filtered Cu-K� radiation was used to determine the crystalline
hases (CPs) of solid specimens. The solid specimens were pulver-

zed to a particle size smaller than 74 �m,  mixed with high-purity
ilica powder with a Si/specimen mass ratio of 0.1 to serve as an
nternal standard, and measured in the 2� range of 10–60◦ at an
ngular speed 4◦/min. The internal standard served as an indica-
or of the amount of CP in the semi-quantitative XRD analysis [18].
he amount of CP is approximately proportional to the summa-
ion of the area under crystalline peaks, and thus, each crystalline

hase was semi-quantitatively measured by comparing the total
rea under crystalline peaks with that under Si peaks. The semi-
uantitative XRD analysis, described in detail in a previous study
19], was used to measure the crystalline characteristics of slag [11].
Fig. 3. XRD patterns of input materials: (a) Zn phosphating sludge, (b) dolomite, (c)
limestone, and (d) cullet.

The amorphous volume fraction (AVF) of the specimens was then
calculated using the following equation:

AVF = 1 −
n∑

i=1

CPi (5)

CPi: the volume fraction of the ith crystalline phase.

3. Results and discussion
3.1. Characteristics of input materials

The compositions and the XRD analysis diagrams of input
materials are shown in Table 1 and Fig. 3, respectively. The Zn
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Table  1
Compositions of input materials.

Item Sludge Dolomite Limestone Cullet

Average (mg/kg) RSD (%) Average (mg/kg) RSD (%) Average (mg/kg) RSD (%) Average (mg/kg) RSD (%)

Al 0.667 50.0 134 40.79 61.5 5.62 652 14.2
Ca  378 70.0 217,000 9.99 385,000 2.01 15,000 58.1
Cd  16.6 2.32 8.43 34.9 5.30 6.54 20.3 111
Cr 196 4.97 7.27 19.0 11.2 13.9 4.41 12.0
Co 56.2 3.62 N.D. – N.D. – 47.5 16.7
Cu  5.67 29.4 0.650 173 15.3 97.7 N.D. –
Fe  81,500 9.49 1260 1.47 1250 0.551 582 1.80
K  200 11.4 N.D. – 77.8 13.8 1710 25.6
Mg  19.6 22.5 129,000 31.8 444 15.2 53.5 62.3
Mn 40.0 20.4 14.1 9.36 177 30.2 16.4 3.77
Ni 510 8.08 16.6 20.2 22.2 5.15 N.D. –
Pb  53.2 29.0 96.9 8.16 96.7 8.70 107 6.43
Si 8110 23.2 40 10.1 46 15.2 396,000 20.3
Zn  73,600 2.32 2110 21.8 29.9 17.2 80.3 76.3
AVF  (%) 59.4 – 43.2 – 39.9 – 93.4 –
PCP  Zn (PO ) /Fe PO – CaCO – CaCO ·MgCO – None –

–
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PCP  amount 3.92/4.17 – 56.8 

.D.: not detectable; –: not available.

hosphating sludge is mainly composed of Fe (81,500 mg/kg) and
n (73,600 mg/kg), which mainly existed in the forms of phosphate.
olomite has two predominant metal species, Ca (217,000 mg/kg)
nd Mg  (129,000 mg/kg); its predominant CP is CaCO3·MgCO3. Cal-
ium (385,000 mg/kg) is the major element of limestone while Si
396,000 mg/kg) is the major element of cullet. The metal content
f dolomite and limestone coincided with their CPs in XRD patterns.
o predominant CP was found in the XRD analysis for cullet. The
VF for cullet was high (93.4%), indicating that it had an amorphous
tructure.

Table 2 shows the metal mass contributions of input materi-
ls. Anthropogenic metals, Cd (65.3%), Co (78.0%), Cu (59.4%), Fe
99.3%), Ni (98.7%), Pb (43.9%), and Zn (99.7%), predominately came
rom the Zn phosphating sludge. Crust metals were mainly con-
ributed by additives. Limestone and dolomite donated 80.4% of
a and 98.6% of Mg,  respectively. Cullet contributed most of Al
72.4%), K (72.2%), and Si (61.9%). The metal mass distribution eluci-
ated that additives provide crust metals, which formed structures
during vitrification) to encapsulate and immobilize anthropogenic

etals from mainly the Zn phosphating sludge.

.2. Characteristics of output materials

The compositions and the XRD analysis diagram of output mate-

ials are given in Table 3 and Fig. 4, respectively. The slag was
ainly composed of Ca (247,000 mg/kg) and Si (201,000 mg/kg).

he XRD patterns of other slags were all highly amorphous and
o significant crystalline phases were identified. The crystalline

able 2
etal mass of input materials (AR = 0.2).

Element Sludge (%) Dolomite (%) Limestone (%) Cullet (%)

Al 0.2 22.2 5.1 72.4
Ca  0.3 15.1 80.4 4.2
Cd  65.3 2.8 5.2 26.7
Cr  97.6 0.3 1.4 0.7
Co  78.0 0.0 0.0 22.0
Cu  59.4 0.6 40.1 0.0
Fe 99.3  0.1 0.4 0.2
K  25.3 0.0 2.5 72.2
Mg  0.2 98.6 1.0 0.2
Mn  44.0 1.3 48.7 6.0
Ni  98.7 0.3 1.1 0.0
Pb 43.9  6.7 20.0 29.5
Si  38.0 0.0 0.1 61.9
Zn  99.7 0.2 0.0 0.0
3 3

 52.5 – – –

profiles of slags were all similar, and thus, S-2 (AVF = 90.8%) was
used to represent the other slags. For ingot, the major component
was Fe (278,000 mg/kg). The concentration of Ca and Si were 2060
and 2070 mg/kg, respectively, which are much lower than those
in the slag. The variation of element levels shows that Fe moved
toward the bottom of specimens and was retained by ingot whereas
the residual fraction, rich in Ca and Si, stayed at the upper layer
and was retained by slag. The separation of metal species can be
explained by the creeping of molten materials, which results from
the differences of metal densities. According to the XRD patterns,
Fe existed primarily as Fe2P, Fe2O3, and Fe3O4, which can be used
as raw materials for iron making [20].

The metal profiles of the coarse and fine particulate-phases were
similar. Both ashes were mainly composed of Zn, Pb, K, and Ca and
had some other common metals, such as Al, Cd, and Fe, in trace
amounts. The Zn concentrations were 136,000 and 544,000 mg/kg
in the coarse and fine particulate-phases, respectively. During vit-
rification, dolomite and limestone were decomposed to oxides and
CO2 (reactions (6) and (7)). CO2 reacted with C, which came from
the graphite crucible and was then transformed into CO (reaction
(8)).

CaCO3
�−→CaO + CO2 (6)

MgCO3
�−→MgO  + CO2 (7)

CO2 + C → 2CO (8)

CO could reduce metal ions (Fe+3 and Zn+2) to elementary forms.
However, metals stayed in slag or ingot might be oxidized again
when the specimens was cooled down to room temperature. Dur-
ing the cooling process, Fe ions would combine with oxygen or
phosphorous, which were probably reduced from phosphate, and,
thus, existed as oxide or phosphide. For Zn, it was oxidized again
while vaporizing into the flue gas and existed as oxide (ZnO).

According to the XRD analysis, both ashes existed mainly as
ZnO, which verified the above inference. The collected coarse
particulate-phase material was  highly amorphous (its AVF was
94.6%); the volume fraction of ZnO was only 3.07%. This shows
that some amorphous impurities resulted in the insufficiently
high content of coarse particulate-phase Zn for its direct recov-
ery. Nevertheless, Zn can be reconcentrated by recycling the coarse

particulate-phase material back into the vitrification furnace. For
fine particulate-phase material, the content (67.7%, converted from
Zn) of ZnO was high enough for the ZnO to be directly sold to metal
recovery factories for further refinement [21].
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Table  3
Compositions of output materials (AR = 0.2).

Item Solid Flue gas

Slag Ingot Coarse particulate-phase Fine particulate-phase Gas phase

Average (mg/kg) RSD (%) Average (mg/kg) RSD (%) Average (mg/kg) RSD (%) Average (mg/kg) RSD (%) Average (mg/kg) RSD (%)

Al 507 49.3 22.8 36.2 688 102 30.6 7.34 0.2 45.4
Ca  247,000 40.0 2060 17.0 20,800 82.0 6800 5.52 66.8 98.7
Cd  14.7 38.0 1.69 91.0 1890 68.5 625 9.34 9.6 55.6
Cr 151 18.6 1190 85.1 N.D. – N.D. – 16.5 30.5
Co 27.3 6.90 240 39.4 175 77.9 48.9 10.5 2.8 47.9
Cu 6.93  76.7 87.1 27.6 250 78.0 50.3 28.4 2.6 92.1
Fe  15,100 22.6 278,000 18.1 3660 66.4 937 55.5 5.3 123
K  359 23.1 102 31.9 24,600 70.0 4520 12.4 258 78.3
Mg  14,100 5.86 85.1 34.2 81.3 96.1 12.6 89.2 7.0 124
Mn 99.2 24.0 574 19.5 20.5 76.2 15.0 39.7 N.D. –
Ni 633 27.8 795 21.3 288 89.7 37.8 51.0 4.4 82.4
Pb 43.9  49.9 46.4 19.2 16,500 17.0 14,900 27.5 10.3 107
Si  201,000 15.4 2070 32.2 250 25.4 240 18.6 7.4 38.1
Zn  393 76.9 18.4 35.1 136,000 45.7 544,000 7.84 3760 27.3
AVF  (%) 90.8 – 49.5 – 94.6 – 56.5 – – –
PCP  None – Fe P/Fe O – ZnO – ZnO – – –
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PCP  amount – – 20.0/3.70 – 3.0

.D.: not detectable; –: not available.

.3. Mass distribution of output materials

Table 4 presents the metal distribution of output materials.
fter vitrification, anthropogenic metals with high boiling points
nd densities, including Cr, Co, Fe, and Mn,  moved into the ingot,
hereas crust metals with high boiling points and low densities,

uch as Al, Ca, Mg,  and Si, tended to stay in the slag. Other anthro-
ogenic metals with low boiling points, including Cd, Pb, and Zn,
ent into the flue gas, so they mostly stayed in the particulate-
hase. According to the metal distribution, it is inferred that the
oiling points and densities of metals governed the movement of
olten materials during the vitrification process. With a gradual

ncrease in temperature, metals with low boiling points vaporized
s the particulate phase into flue gas and the residual specimen
tarted to melt and creep. For the molten materials, metals with
igher densities sank down to the bottom layer and formed ingot
hile other metals stayed at the upper layer to produce slag. The

eparation of slag and ingot was due to the gravity effect. The dis-
ribution pattern was similar to those reported in a previous study
22].

According to the sampling characteristics of particulate-phase
aterials, coarse and fine particulate-phases should be trapped by
yclone and baghouse filters in a full-scale operation. 2.54% and
2.8% of Zn distributed in the coarse and fine particulate-phase
aterials, respectively. This means that most of Zn may  be col-

ected using baghouse filters. In addition, the recycling of coarse

able 4
etal mass distribution of output materials (AR = 0.2).

Element Slag (%) Ingot (%) Coarse
particulate

Al 96.0 1.20 2.00 

Ca  99.3 0.23 0.12 

Cd 19.6  0.63 22.6 

Cr  30.5 66.8 0.00 

Co  26.0 63.6 2.26 

Cu  24.2 42.8 13.2 

Fe  16.3 83.5 0.05 

K 34.6  2.74 15.9 

Mg  99.8 0.17 0.01 

Mn  38.0 61.1 0.12 

Ni 73.1  25.5 0.43 

Pb  24.3 7.15 29.5 

Si 98.7  0.28 0.1 

Zn  0.5 0.01 2.54 
– 12.1 – – –

particulate-phases back into the vitrification process would not
have a significant influence on the recovery of Zn. The results show
that this vitrification process can be applied to recover low boiling
point metals (Cd, Hg, Pb, or Se) from metal-enriched wastes.

3.4. Separation behavior

Fig. 5 shows the DTG (differential thermal gravity) curve and
the Zn evaporation behavior versus temperature. According to the
slope of the DTA curve, the evaporation behavior of Zn phosphating
sludge can be divided into four stages: (I) organic decomposition
stage, (II) steady state stage, (III) initial high temperature vaporiza-
tion stage, and (IV) final high-temperature vaporization stage.

3.4.1. Stage I (organic decomposition stage)
The sludge mass decreased by 20% in this stage, but the mass of

Zn did not change notably. In a phosphating process, many organic
chemicals are added to the bath solution to remove grease or to
clean the component surface [23]. Then the waste solution, contain-
ing metal ions and organic compounds, is coagulated by adding a
polymer, followed by the adjustment of pH using NaOH, before dis-

charging as effluent [24]. Accordingly, it is reasonable that organic
compounds were present in the Zn phosphating sludge in this
study. These organics decomposed from 0 to 400 ◦C, accounting for
about 20% sludge mass loss (Fig. 5, top).

-phase (%)
Fine
particulate-phase (%)

Gas phase (%)

0.74 0.03
0.35 0.02

46.8 10.36
0.00 2.70
5.93 2.18

12.5 7.32
0.13 0.00

26.5 20.3
0.01 0.04
0.73 0.00
0.55 0.41

34.4 4.67
0.9 0.00

92.8 4.10
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ig. 4. XRD patterns of output materials (AR = 0.2): (a) slag, (b) ingot, (c) coarse
articulate-phase material, and (d) fine particulate-phase material.

.4.2. Stage II (stable stage)
In the temperature range of 540–1195 ◦C, no significant varia-

ion of sludge mass was observed, so the sludge mass was relatively
table in comparison to the other stages.

.4.3. Stage III (initial high-temperature vaporization stage)

Above 1195 ◦C, the sludge and Zn both started to vaporize at

onstant rates, but the vaporization rate was much lower for the
ormer than for the latter. Thus, in this stage, the mass reduction
f the sludge resulted mainly from the vaporization of Zn. Other
norganic compounds did not vaporize in this temperature range.
Fig. 5. Mass variation of Zn phosphating sludge and Zn during vitrificaiton.

3.4.4. Stage IV (final high-temperature vaporization stage)
When the temperature increased to ≥1300 ◦C, the sludge mass

decreased drastically and the mass reduction was 50% when
the temperature reached 1400 ◦C (Fig. 5, bottom). At this condi-
tion, only trace amount of Zn in the sludge was  detected, so it
almost completely separated from the sludge and was present as
particulate-phase material in the flue gas.

For the recovery of valuable metals with high densities and boil-
ing points, it is necessary to concentrate them into ingot. Therefore,
an index used to describe the separation efficiency of Fe (SEFe) was
defined as below:

SEFe = mingot

mingot + mslag + mflue gas
× 100% (9)

mi: Fe mass in the ith product.
Fig. 6 displays the SEFe and the slag AVF versus AR. The SEFe was

initially 0.77 and then increased with the increase of AR. At 0.87
(AR ≈ 0.3), SEFe started to decrease with an increasing amount of
additive. The variation of SEFe, similar to that of slag AVF, initially
increased, then reached its highest value at AR ≈ 0.26, and lastly
decreased. When comparing the two diagrams of SEFe and the slag
AVF versus AR, the trends of the two  regression lines in Fig. 6 are
very similar. This phenomenon reveals that Fe was efficiently sep-
arated from the sludge and moved into ingot at appropriate AR

values, but excess additive had an adverse effect on the separa-
tion of Fe from the sludge. It was  also observed that higher AVF
in the slag led to more Fe moving into the ingot. In the vitrified
structure with a higher AVF, inorganic compounds were commonly
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Fig. 6. Separation efficiency of Fe and AVF of slags.

isordered and there were fewer crystals in the glassy matrix. In
ddition, crystallization is usually regarded as a defect in glass melts
25] and crystals may  hinder the material flow in a molten stage
nd increase the viscosity [26]. The AVF should have an important
ffect on the viscosity of the melt and may  govern the separation
f Fe from the glass matrix. However, it needs further investiga-
ion to clarify the actual influence of AVF on melt viscosity and iron
eparation mechanism.

.5. Leaching and surface characteristics

According to the Identification Standard of Hazardous Materi-
ls, the sludge generated from a metal plating process is classified
s a hazardous material [27]; therefore, the Zn phosphating sludge

s regarded as a hazardous material, regardless of its metal leach-
ng concentration. Nevertheless, TCLP was carried out to evaluate
he mobility of hazardous metals in the solid specimens. The TCLP
esults of the sludge and the slag are listed in Table 5. For the sludge,

able 5
CLP results (in mg/L) for the sludge and slag.

Element Sludge S-1 S-2 S-3 S-4 Regulated limits

Cd 0.053 0.023 0.018 0.040 0.021 1.0
Cr  0.076 N. D. N. D. N. D. N. D. 1.0
Cu  0.026 N. D. N. D. N. D. N. D. 15.0
Mn  0.073 0.197 0.173 0.038 0.245 –
Ni 0.807 0.145 0.219 0.158 0.188 –
Pb 0.115 0.07 0.129 0.054 0.281 5.0
Zn  123 N. D. N. D. N. D. N. D. –

.D.: not detectable; –: not available.
Fig. 7. SEM images of solid specimens: (a) Zn phosphating sludge and (b) slag.

the Zn leaching concentration was  123 mg/L, but those of other
metals were far below the regulated standard. After vitrification,
the leached Zn was significantly reduced to non-detectable levels.
Overall, no significant difference in metal leaching behavior was
observed among slags. Fig. 7 shows the SEM images of the sludge
and the slag. The surface morphology of sludge was  powdery and
spherical. Vitrification transformed such surface structure into an
amorphous, bulk, and sharp-edged one, which is preferable for the
encapsulation of hazardous metals [28]. The reduction of Zn leach-
ing from the slag can be attributed to the structure transformation
and trace amount of Zn due to vaporization.

4. Conclusion

The Zn phosphating sludge has high level of Fe (81,500 mg/kg)
and Zn (73,600 mg/kg). After vitrification, Fe and Zn were pre-
dominately separated into the ingot and the particulate phase,
respectively. Fe (278,000 mg/kg) existed as Fe2O3, Fe3O4, and FeP,
which can be used as raw materials for iron making. Zn in the
coarse (136,000 mg/kg) and the fine (544,000 mg/kg) particulate-
phases both existed as ZnO form. For the coarse particulate-phase
material, Zn can be reconcentrated by recycling it back into the vit-
rification furnace. For fine particulate-phase material, the content
of ZnO (67.7%) was high enough so that it could be directly sold
to metal recovery factories for further refinement. For the slag, the
TCLP of metal concentration was  far below the regulated standard.
Therefore, the recycling of the slag can be taken into consideration.

Overall, the result shows that vitrification successfully transformed
Zn phosphating sludge into stable slag and separate useful metals
as recoverable forms.
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