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ABSTRACT

The incineration of municipal sewage sludge causes the formation of ash, which needs further utilization. The
literature gives only few examples of the chemical sewage sludge ash conversion with the hydrothermal method.
The effect of conversion depends on the properties of the raw material and the process parameters. According to
the domestic and foreign test results of the conversion of fly ash from coal, the fusion method is more effective.
The aim of the paper was to evaluate the impact of chemical sewage sludge ash conversion with the fusion method
on the chosen properties of the obtained material. The applied conversion parameters were the ratio of sewage
sludge ash:NaOH, the concentration of NaOH, the activation time and temperature as well as the crystallization
temperature and time. In some of the samples, the introduction of the fusion caused the formation of the follow-
ing, e.g. (hydroxy)sodalite, zeolite X and zeolite Y, zeolite P, (hydroxy)cancrinite. The temperature of the thermal
treatment of sludge, the ratio of ash:NaOH and the crystallization time were the parameters having a statistically
significant impact on the effect of zeolitization and the properties of the obtained material, but the changes of their
values had little effect on the tested features of the modified ash. On the basis of the leaching of Cd, Cr and Ni from
the samples after the conversion it was proven that a higher temperature of the thermal treatment of sewage sludge
was favourable for the formation of permanent structures.
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INTRODUCTION

In Poland there has been an increase in the
contribution of thermal methods in the process-
ing of municipal sewage sludge [General Statis-
tic Office, 2019]. Such a trend is favoured by the
limitation of the environmental usage of sludge,
excessive concentrations of heavy metals in sew-
age sludge and the ban on landfilling of municipal
sewage sludge without suitable treatment [Regu-
lation of the Ministry of Economy, 2015]. Seven
out of eleven Polish installations perform the
incineration in fluidized-bed furnaces [National
Waste Management Plan 2022, 2016]. The ash
formed as a result of sewage sludge incineration,
in comparison to the energy wastes from coal, is
characterized by the composition corresponding
to slag, with the simultaneously higher loss on ig-
nition and the concentration of phosphorous [Za-
bielska-Adamska, 2015]. Some of the methods of

ash utilization obtained from the incineration of
municipal sewage sludge and coal are similar, for
instance utilization in road construction or in the
production of building materials [Filipiak, 2011;
Kappel et al., 2017; Smol et al., 2015]. The sew-
age sludge ash can is a source of zeolites [Zhang
et al., 2018], which have been obtained from coal
fly ash since the 1980s.

Zeolites form a spatial structure of alumino-
silicates, which consist of tetrahedron networks
comprising AlO, and SiO, bound with one anoth-
er with common oxygen atoms. The developed
inner structure makes them very good catalysts,
sorbents and ion-exchange materials. The prop-
erties of zeolites led to their wide usage in agri-
culture, chemical and building industries as well
as the environmental engineering [Franus, 2012].
Synthetic zeolites are most often obtained as a
result of the synthesis with the hydrothermal or
fusion method [Deng et al., 2016; Pimraksa et al.,
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2010]. According to the literature, the synthesis
of zeolites was also carried out on ash from oil
shales [Bao et al., 2013].

The type of the formed zeolite depends on
the properties of the raw material, in particular
the contribution of the glassy phase and the value
of the SiO,/Al O, ratio. The synthesis of zeolites
is a complex process consisting in the sequence
of reactions: dissolution of aluminium and silica
from ash, formation of aluminosilicate gel on the
undissolved particles of ash, crystallisation of
zeolites and their growth. The course of the indi-
vidual synthesis stages depends on such param-
eters as the pressure, the temperature and time of
the reaction, the alkalinity of the solution and the
type of the alkali. The use of different parameters
of the conversion process of ash into zeolites,
even within the range of one method of synthesis,
prevents obtaining different crystalline forms of
zeolites from the same raw material [Fan et al.,
2008; Latosinska 2010; Zhang et al. 2018].

The aim of the paper was to evaluate the
impact pertaining to the chemical conversion of
sewage sludge ash with the fusion method on the
chosen properties of the obtained material. The
applied conversion parameters were the ratio of
sewage sludge ash:NaOH, the concentration of
NaOH, the activation time and temperature as
well as the crystallization temperature and time.

MATERIALS AND METHODS

The ash was obtained under laboratory condi-
tions as a result of the thermal treatment of sew-
age sludge in the following temperatures 600°C
(P-600), 790°C (P-790) and 980°C (P-980). The
sewage sludge was obtained from a mechan-
ical-biological wastewater treatment plant in
Sitkoéwka-Nowiny.

The analysis of the oxide composition of sew-
age sludge ash was performed with the X-ray flu-
orescence spectroscopy (XRF) method. The con-
tribution of the amorphous substance in sewage
sludge ash was measured with the internal stan-
dard method, and the phase quantitative X-ray
analysis was performed with the Rietveld method
using the Topas v 4.2 programme on the basis of
the published crystalline structures.

The characteristics of sewage sludge ash are
presented in Tables 1 and 2. The sewage sludge
ash was characterized by the SiO,/Al O, ratio of
3.9 (P-600), 3.8 (P-790) and 3.7 (P-980). The
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Table 1. Oxide composition of sewage sludge ash,

% mas.

ngf:osmon P-600 P-790 P-980

sio, 20.8:0.5 |255:05 |26.1£0.5
ALO, 5.28+0.13 |6.68£0.13 |6.98£0.13
P,0, 19.4105  |242405 |25.3%0.5
Fe,0, 945:0.3  |11.8:0.3  |12.4%03
TiO, 0.725£0.025 | 0.942+0.025 | 0.975+0.025
Ca0 143104  |17.9¢04 | 18.5:0.4
MgO 3.72:0.09 |4.29:0.09 |4.56£0.09
K,0 1.51£0.04 | 1.89£0.04 | 1.98+0.04
SO, 1.45£0.04 |2.14+0.06 | 0.573+0.017
Na,0 0.407+0.023 | 0.575£0.023 | 0.602+0.023
Zno 0.355£0.009 | 0.439+0.009 | 0.345+0.009
Mn,0, 0.104£0.005 | 0.104£0.005 | 0.1090.005
Sro 0.046£0.002 | 0.055+0.002 | 0.059+0.002
BaO 0.091+0.006 | 0.111+0.006 | 0.118£0.006
Cuo 0.048+0.003 | 0.065£0.003 | 0.071+0.003

sludge ash samples had different amounts of the
amorphous substance, and the greatest contribu-
tion apart from the amorphous substance was for
quartz (Table 2).

The solution of 3 M concentration NaOH was
used for the chemical sewage sludge ash conver-
sion. The changeable parameters of the chemi-
cal conversion process were the ratio of sewage
sludge ash mass to the sodium hydroxide mass,
the temperature of crystallisation and the time of
crystallisation (Table 3). The applied methodol-
ogy of the chemical conversion was presented in
Figure 1.

The analysis of the phase composition of the
samples after the conversion process was per-
formed with the X-ray diffraction method (XRD).
The cation-exchange capacity (CEC) was deter-
mined on the basis of the methodology presented
in [Kirov et al., 1997] with the use of 1 M am-
monium acetate. The concentration of ammoni-
um ions in the solution was measured with the
ion chromatography. The CEC of the sludge ash
samples before the conversion process of conver-
sion had the values of 49.668 mval/100g (P-600),
21.914 mval/100g (P-790) and below detection
for P-980 respectively.

The leaching of cadmium, chrome and nickel
from ash before and after the process of conver-
sion was marked with the EP procedure [EPA
Regulations on Land Disposal Restrictions, 1991].
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Table 2. Phase quantitative analysis of sewage sludge ash and the contribution of the amorphous substance, % mas

Phase P-600 P-790 P-980
Amorphous substance 76.71+£0.62 27.4+1.2 13.61+£0.92
Quartz, SiO, 9.12+0.13 15.27+0.21 15.44+0.17
Muscovite, KAI(Si,Al)O, (OH,F), 4.42+0.46 5.91+0.58 nd.
Calcite, CaCO, 4.06+0.1 1.36+0.13 nd.
Dolomite, CaMg(CO,), 3.28+0.11 nd. nd.
Potassium feldspar, AISi,O, 1.72+0.29 3.25+0.37 4.96+0.34
Rutile, TiO, 0.217+0.053 nd. nd.
Plagioclase, (Ca,Na)(Si,Al),O, 0.472+0.092 nd. nd.
Whitlockite, Ca,(Ma,Fe)(PO,),(PO,0H) nd. 28.36+0.50 34.19+0.34
Stanfieldite, Ca,(Mg,Fe**Mn),(PO,), nd. 13.09+0.44 13.05+0.32
Hematite, Fe,O, nd. nd. 10.76+0.13
Tridymite, SiO, nd. 2.88+0.26 7.99+0.33
Maghemite, Fe,O, nd. 1.07+0.11 nd.
Anhidrite, CaSO, nd. 1.39+0.13 nd.

nd. — not detected.

Table 3. The parameters of the chemical conversion of sewage sludge ash

Samples Ratio Activation Crystallisation Crystallisation time,
P-600 P-790 P-980 ash: NaOH temperature, °C temperature, °C hours
S1 S17 S33 1.0:1.4 60 60 6
S2 S18 S34 1.0:1.4 60 90 6
S3 S19 S35 1.0:1.4 90 60 6
S4 S20 S36 1.0:1.4 90 90 6
S5 S21 S37 1.0:1.8 60 60 6
S6 S22 S38 1.0:1.8 60 90 6
S7 S23 S39 1.0:1.8 90 60 6
S8 S24 S40 1.0:1.8 90 90 6
S9 S25 S41 1.0:1.4 60 60 72
S10 S26 S42 1.0:1.4 60 90 72
S11 S27 S43 1.0:1.4 90 60 72
S12 S28 S44 1.0:1.4 90 90 72
S13 S29 S45 1.0:1.8 60 60 72
S14 S30 S46 1.0:1.8 60 90 72
S15 S31 S47 1.0:1.8 90 60 72
S16 S32 S48 1.0:1.8 90 90 72

The data submitted to the analysis came from
the research conducted on the basis of 32 experi-
ments from the 25 experiment plan.

The test results pertaining to the properties of
samples obtained as a result of the zeolitization
constituted a set of nonparametric and paramet-
ric features. The first group consisted of the phase
composition of samples, the second of the cation-
exchange capacity and the leaching of cadmium,
chrome and nickel. In order to conduct the sta-
tistical analysis, the phase composition of sam-
ples was transcoded into a binary system. Every
phase element was attributed weights from the
range between 0 and 1. Assuming that the zeolitic

structures were the desirable phases, they were at-
tributed higher weights. The values of weights for
the structures not belonging to zeolites were not
differentiated because they were considered paral-
lel undesirable. The sum of arithmetical products
of weights of the phase composition of samples
was described as the effect of zeolitization. Due
to the use of a two-level plan, three pairs of tem-
perature levels of the thermal treatment were ap-
plied: 600°C and 790°C, 790°C and 980°C, 600°C
and 980°C.

The coefficients of the regression function
were determined with the least squares method,
while the selection of elements constituting the
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Solid NaOH;
the ratio of ash to NaOH:
1.0:1.4 and 1.0:1.8

Melting
temperature 550°C,
time 1 hour

Grounding

Distilled water in order to obtain
the concentration of 3 M NaOH

v
Shaking time:
12 hours, temperature: 60°C, 90°C,
dynamic conditions: 100 rpm

v

Crystallisation (static conditions)
time: 6 hours, 72 hours,
temperature 60°C, 90°C

v

| Filtration: high quality filter paper |

| Rinsing with distilled water until pH=10 is obtained |

v

| Drying: time 10 hours, temperature 105°C |

Figure 1. The procedure of chemical conversion of sewage sludge ash.

final form of the model was conducted with the
step selection method. The significance of the
coefficients of the regression function in the es-
timated regression function was verified with
the F test. The elimination of the statistically in-
significant elements of the regression function
was performed with the assumption of the limit
value for the level of significance at p = 0.1. The
statistical calculations were carried out in the
SAS 9.3 software.

The corrected coefficient of determination R>
including the correction, resulting from the differ-
ent number of elements in the model, was intro-
duced in order to evaluate the compliance of the
estimated regression model with the experimental
data. The corrected coefficient of determination
R2 applies the values from the range between 0—1.
One can speak of the adjustment of the model to
the data:

e weak, when 0.0 <R*<0.3
e satisfactory, when 0.3 < R?< 0.6
e good, when 0.6 <R2<0.8
e very good, when 0.8 < R2< 1.0.
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RESULTS AND DISCUSSION

The crystalline phases of samples after the
chemical conversion were presented in tables 4—6.
The application of the fusion method of the P-600
ash in the option with the 6-hour crystallisation
time, the ratio of sewage sludge ash:NaOH-1:1.4
and for all the applied temperatures of activa-
tion and crystallisation did not cause the cryst-
allisation of the zeolitic structures (S1-S4). The
change in the ratio of sewage sludge ash:NaOH
from 1:1.4 to 1:1.8 resulted in the formation of
(hydroxy)sodalite in two samples (S7, S8). The
remaining parameters of the process of the syn-
thesis of samples S7 and S8 differed only in the
value of the crystallisation time.

The prolongation of the crystallisation time
up to 72 hours for the samples with the ratio of
sewage sludge ash:NaOH-1:1.4 resulted in the
crystallisation of only one zeolitic structure —
zeolite P (S10, S12), which was accompanied
by apatite, magnetite and quartz. The synthesis
parameters of these samples differed only in the



Journal of Ecological Engineering Vol. 20(10), 2019

Table 4. Crystalline phases obtained as a result of the zeolitization of the P-600 sewage sludge ash.

Sample
number

(Hydroxy) sodalite/

Apatite Sodalite

Zeolite Y

Zeolite X Zeolite P Magnetite Quartz

S1

S2

S3

S4

S5

.
\
|+ |+ |+

S6

S7

S8

S9

S$10

S11

S§12

S§13

N e e I E R

S14

§15

+

B T o o S A A S AR S

S$16

\
\
B I o A IS S S o S

Table 5. Crystalline phases obtained as a result of the zeolitization of the P-790 sewage sludge ash

Sample number Apatite

(Hydroxy) sodalite/Sodalite

Zeolite X Magnetite

S17 + +

S18

S$19

S20

S21

S22

S23

o e I o I A S N S

S24

S25

526

S27

528

S29

S30

S31

I I A N s
\

o e I o I A S N S

S32

value of the activation temperature. The crystal-
lisation temperature 60°C did not cause the crys-
tallisation of zeolitic structures (S9, S11). The
samples of (hydroxy)sodalite (S14, S16), zeolite
X (S13, S14) and zeolite P (S15) had the ratio of
ash:NaOH amounting to 1:1.8.

The chemical conversion caused the synthesis
of zeolitic phases in all samples of P-790 sew-
age sludge ash. Hydroxysodalite was found in
S17-S24 and S26-S32 samples, while zeolite X
in the S25, S29 samples. The unreacted mineral
phase from ash P-790, i.e. quartz, was also found
in the product of the synthesis reaction.

The reflexes characteristic for (hydroxy)soda-
lite accompanied by apatite (S17-S24) and quartz
(S19-S20) were found in all samples of the P-790
sewage sludge ash after the 6-hour crystallisa-
tion time, regardless of the values of the remain-
ing process parameters. The prolongation of the
crystallisation time up to 72 hours translated into
the identification of zeolite X in the samples of
the lowest values of the activation temperature
and the crystallisation temperature, in the sample
with the ratio of sewage sludge ash:NaOH — 1:1.4
(S25) and in the sample with the ratio of sewage
sludge ash:NaOH — 1:1.8 (S32).
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The chemical conversion of the P-980 sew-
age sludge ash caused that (hydroxy)sodalite
and apatite were found in the S33-S48 samples,
and hydroxycancrinite in the S39 sample (tab.6).
The prolongation of the crystallisation time up
to 72 hours caused that zeolite X was found in
samples S41 and S45. The stage of activation and
crystallisation for both samples was realized at
60°C. The parameters of the process of the syn-
thesis S41 and S45 differed only in the ratio of
sewage sludge ash:NaOH (tab.3).

The results proved the fact that the change of
process conditions does not always cause the in-
crease of the efficiency of the formation of a par-
ticular zeolite. The synthesis of other structures
often begins under particular conditions. Accord-
ing to [Fan etal., 2008], zeolite X together with the
change of zeolitization conditions, i.e. the change
in the ratio of sewage sludge ash:NaOH, can
pass into the form of (hydroxy)sodalite. Smaller
number of crystalline phases in the P-980 sewage
sludge ash in comparison to the P-600 and P-790
sewage sludge ash translated into their smaller
number in the samples after the conversion.

The chemical conversion caused the increase
in the cation-exchange capacity of samples. The
values were in the range from 109.195 mval/100g
(S48) to 268.282 mval/100g (S12, Table 7).

The comparison of the cation-exchange ca-
pacity of the P-600 sewage sludge ash and sam-
ples after the process of conversion demonstrates
that S1-S16 samples were characterized by higher
values of this parameter. Similarly, the compari-
son of the cation-exchange capacity of the P-790

and P-980 sewage sludge ashes with the S17-S32
and S33-S48 samples, respectively, proves the in-
crease of the value of the cation-exchange capac-
ity as a result of the zeolitization with the fusion
method (Table 7). The change of the ratio of sew-
age sludge ash:NaOH from 1:1.4 to 1:1.8 caused
that the increase of the contribution of the sodium
hydroxide was accompanied by the decrease of
the cation-exchange capacity, regardless of the
temperature of the thermal treatment of sewage
sludge (Table 7).

The highest value of the cation-exchange
capacity was found for the S12 sample. The
S12 sample with the ratio of sewage sludge
ash:NaOH-1:1.4 was formed as a result of the
activation of the P-600 ash in 90°C and crystal-
lisation in 90°C. The comparison of the cation-
exchange capacities of the samples after the
conversion of the P-600 ash with the analogical
samples after the zeolitization of the P-790 and
P-980 ash samples also proved that the conver-
sion of the P-600 ash caused the highest increase
of the cation-exchange capacity (Table 7).

The lack of cadmium was discovered in some
of the eluates of the S1-S48 samples. In other
cases, the concentration of cadmium was from
0.0051 mg/dm?® (S16) to 1.5212 mg/dm* (S10);
thus, cadmium exceeded the admissible value of
0.005 mg/dm? determined by the regulation [Reg-
ulation of the Ministry of Health, 2017].

Nickel was not found in eluates of some of
the S1-S48 samples. In the remaining eluates, the
concentration of nickel was from 0.008 mg/dm?
(S27) to 1.4741 mg/dm?* (S39). The prolongation

Table 6. Crystalline phases obtained as a result of the zeolitization of the P-980 sewage sludge ash

Sample number Apatite

(Hydroxy) sodalite/Sodalite

Zeolite X Hydroxycancrinite

S33 +

S34

S35

S36

S37

S38

S39

S$40

S41

S42

S$43

S44

S45

S46

S47

e e e e e B S A S o A R A I

e e B A e e B A o I o B o B e N

S48
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Table 7. Cation-exchange capacity and the leaching of cadmium, chrome and nickel from sewage sludge ash
after the conversion, mg/dm?

fj;:gleer CEC Cadmium Chrome Nickel

S1 201.144 0.1838 +0.0123 0.0054+0.0039 1.049410.1435
S2 207.780 0.1823+0.0173 0.0081+0.0014 0.8509+0.0834
S3 211.356 0.1829+0.0018 0.0076+0.0039 1.566+0.1206
S4 205.834 0.1995+0.0107 0.0281+0.0078 0.8693+0.1285
S5 176.067 nd.+0.0126 0.0277+0.0082 2.2114+0.0453
S6 195.315 0.211+0.0298 0.0194+0.0086 nd.+0.0152
S7 179.637 0.2688+0.0326 0.0322+0.0070 0.3656+0.0156
S8 171.215 0.3507+0.0436 0.0193+0.0087 1.2098+0.1101
S9 189.562 nd.+0.0033 nd.+0.0057 nd.+0.0182
S10 264.884 1.5212+0.4409 0.6375+0.1387 0.2376+0.0028
S11 209.720 0.4156+0.0605 0.094+0.0248 0.0533+0.012
S12 268.282 0.3387+0.0255 0.0532+0.0028 nd.+0.0281
S13 193.094 0.4242+0.0289 0.0311+0.0047 0.207+0.0571
S14 182.522 0.0571+0.0046 0.0632+0.0054 0.5439+0.0446
S15 228.505 0.0153+0.0119 0.0357+0.0023 0.4972+0.0487
S16 194.116 0.0051+0.00137 0.0020+0.0009 0.0375+0.01619
S17 170.796 0.2275+0.0270 0.2865+0.0069 0.1362+0.0518
S18 167.268 0.3686+0.0351 0.2682+0.0063 0.1238+0.0461
S19 158.998 0.1922+0.0221 0.3423+0.0061 1.2823+0.0018
S20 187.426 0.4896+0.0279 0.3036+0.00561 0.3569+0.0773
S21 131.931 0.0168+0.0287 0.2967+0.0083 0.6507+0.0589
S22 145.777 0.2253+0.0225 0.187+0.0083 0.5558+0.0853
S23 125.439 0.1142+0.0078 0.3281+0.0040 0.1082+0.0899
S24 142.063 0.5021+0.0049 0.2849+0.0059 0.7052+0.0505
S25 146.478 nd.+0.0023 0.7222+0.0019 0.413+0.0867
S26 206.449 nd.+0.0050 0.1379+0.0096 nd.+0.0508
S27 179.748 nd.+0.0060 0.1643+0.0153 0.008+0.0743
S28 166.700 0.0671+0.0179 0.0742+0.0072 nd.+0.07192
S29 147.406 nd.+0.0041 0.1744+0.0066 nd.+0.0192
S30 142.948 nd.+0.0065 0.0406+0.0039 nd.+0.0756
S31 151.234 nd.+0.0112 0.1024+0.0082 nd.+0.0465
S32 136.875 nd.+0.0153 0.1893+0.0174 nd.+0.0129
S33 137.893 0.2809+0.0282 0.1193+0.0029 1.3987+0.0682
S34 197.557 0.2341+0.0268 0.3672+0.0070 1.0627+0.0508
S35 161.676 0.6397+0.0101 3.8496+0.0445 0.8331+0.0705
S36 161.556 0.5916+0.0053 0.1973+0.0061 1.2554+0.0453
S37 111.557 0.52+0.0004 0.1692+0.0022 1.1361+0.0377
S38 145.289 0.3333+0.0310 0.2052+0.0008 0.7071+0.0383
S39 109.278 0.3811+0.0427 5.6743+0.0946 1.4741+0.0807
S40 131.085 0.4241+0.0336 0.1542+0.0021 1.0804+0.0868
S41 134.695 nd.+0.0244 0.2872+0.0051 0.1496+0.0225
S42 154.935 0.2172+0.0189 0.27440.0042 0.0854+0.0473
S43 161.322 0.2595+0.0434 0.165+0.0059 0.043+0.0170
S44 157.451 0.1897+0.0176 0.2492+0.0065 nd.+0.0288
S45 123.691 0.1761+0.0137 0.0758+0.0057 0.0315+0.0423
S46 130.452 0.1644+0.010 0.1913+0.0010 0.164+0.0058
S47 114.992 0.2296+0.0394 0.0952+0.0016 0.8314+0.0828
S48 109.195 0.1852+0.0205 0.2397+0.0081 0.8803+0.0745

nd. — not detected
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of the crystallisation time of the P-600 ash caused
adecrease in the concentration of nickel (S1-S16).
In the eluates after the conversion of the P-790 ash
samples with the 6-hour crystallisation time, the
concentration of nickel was from 0.1082 mg/dm?
(P75) to 1.2823 mg/dm?® (P71). Exclusively one
sample of the 72-hour crystallisation time of the
P-790 ash had the value over 0.4 mg/dm?® (S25).
Thus, the prolongation of the crystallisation time
of the samples from the P-980 ash was accompa-
nied by the decrease of the nickel concentration
in eluates (tab. 7). In the majority of the eluates
of the S1-S48 samples, the concentration of nick-
el exceeded 0.02 mg/dm?, i.e. the concentration
breakpoint for drinking water [Regulation of the
Ministry of Health, 2017].

Chromium was the heavy metal with rela-
tively small values in the eluates of the S1-S48
samples. The lowest concentration of chromi-
um was found in the eluate of the S16 sample—
0.002 mg/dm?, and the highest in S39 — 5.6743
mg/dm3. Only in the eluate of the S9 sample,
chromium was not detected. The limited value of
chromium — 0.05 mg/dm? according to [Regula-
tion of the Ministry of Health, 2017] — was ex-
ceeded in the eluates of the following samples:
S10-S12, S12, S17-S29, S31-S48.

Linear models for zeolitization with the fu-
sion method with NaOH were presented in tables
8—12. The statistical analysis proved that the for-
mation of zeolitic structures statistically signifi-
cantly depends on the temperature of the thermal
treatment of sludge and the ratio of sewage sludge

ash:NaOH. The increase in the values of both in-
dependent variables has a favourable influence
on the effect of zeolitization. For the P-600 and
P-980 samples, the time of crystallisation is also
statistically significant (tab.8). The values of the
corrected coefficient of determination for both an-
alysed models prove their good adjustment (R?=
0.629 — temperature 600°C and 790°C; R2=0.6971
— temperature 600°C and 980°C; tab.8).

A model was obtained for the samples from
the set of P-790 and P-980 sewage sludge ashes in
which the effectiveness of zeolitization depends
on the ratio of sewage sludge ash:NaOH, the tem-
perature of the thermal treatment and the cryst-
allisation temperature. The increase in the first
of the two mentioned independent variables has
a negative impact on the effect of zeolitization.
However, the corrected coefficient of determina-
tion R2=0.2139 is the evidence of the poor adjust-
ment of the model (tab.8).

On the basis of the elimination of statistically
insignificant variables, it was proven that the val-
ue of the cation-exchange capacity is influenced
by the ratio of sewage sludge ash:NaOH, the tem-
perature of crystallisation and the temperature
of the thermal treatment of sludge. According to
the obtained models, the increase of the crystal-
lisation temperature will cause the increase in
the value of the cation-exchange capacity. How-
ever, the increase in the temperature of the ther-
mal treatment of sludge will cause the decrease
in the value of the cation-exchange capacity. The
increase in the value of the ratio of sewage sludge

Table 8. The estimation of the parameters of models describing the effect of zeolitization.

Independent variable ‘ Parameter evaluation ‘

Standard error ‘ Statistical value F ‘ Pr.>F (value p)

Temperature of the thermal treatment of sludge: 600°C, 790°C

Intercept -1.24008 0.29936 17.16 0.0003
Temperature of thermal treatment 0.00095066 0.00014400 43.58 < 0.0001
Sewage sludge ash:NaOH 0.01523 0.00460 10.97 0.0025
Coefficient of determination R2=0.6529; Corrected coefficient of determination R?= 0.629
Temperature of the thermal treatment of sludge: 790°C, 980°C
Intercept -0.07651 0.25844 0.09 0.7694
Temperature of thermal treatment 0.00023355 0.00011738 3.96 0.0565
Sewage sludge ash:NaOH 0.00725 0.00375 3.74 0.0633
Temperature of crystallisation -0.00144 0.00074340 3.74 0.0633
Coefficient of determination R2= 0.2900; Corrected coefficient of determination R2= 0.2139
Temperature of the thermal treatment of sludge: 600°C, 980°C
Intercept -1.00025 0.30184 10.98 0.0025
Temperature of thermal treatment 0.00059211 0.00007539 61.68 < 0.0001
Sewage sludge ash:NaOH 0.01428 0.00481 8.80 0.0061
Time of crystallisation 0.00085227 0.00043406 3.86 0.0596

Coefficient of determination R2= 0.7264; Corrected coefficient of determination R2= 0.6971
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ash:NaOH will also translate into the decrease in
the cation-exchange capacity. The time of crystal-
lisation was the statistically significant parameter
for the samples of lower range of temperatures of
the thermal treatment of sludge. According to the
model, the prolongation of the crystallisation time
will cause the increase in the cation-exchange ca-
pacity. The values of the corrected coefficient of
determination are the evidence of the good ad-
justment of the model (tab.9).

It was proven that the temperature of the ther-
mal treatment of sludge and the time of crystal-
lisation, and in the case of cadmium also the tem-
perature of activation are the statistically signifi-
cant parameters in the greatest number of models
describing the leaching of the determined heavy
metals. In three cases of cadmium and chrome
leaching, no models were obtained because none
of the parameters occurred to be statistically sig-
nificant (tab.10-tab.11). It was the consequence of
the fact that no tested heavy metals were detected

in eluates of some of the samples. The above-
mentioned fact is favourable from the perspec-
tive of the use of the material. The time of cryst-
allisation is the factor the prolongation of which
causes the decrease of the value of the leaching
of cadmium and nickel (tab.9.10, tab.12). The
recognition of the influence of crystallisation on
the leaching of heavy metals requires determin-
ing the concentrations of metals in the liquids
obtained during the rinsing of sludge ash after
the process of zeolitization. The increase of the
temperature of the thermal treatment of sludge, as
described by most of the obtained models, has a
favourable influence on the decrease of the value
of leaching of heavy metals (tab.10-tab.12). The
statement above converges with the test results
presented in [Latosinska, 2017; Latosinska, 2019,
Latosinska et al. 2012]. In the mentioned papers,
it was proven that the factor decreasing the leach-
ing and the mobility of heavy metals from sew-
age sludge ash is a higher temperature of sludge

Table 9. The estimation of the parameters of models describing the cation-exchange capacity.

Independent variable

‘ Parameter evaluation ‘

Standard error | Statistical value F | Pr.>F (value p)

Temperature of the thermal treatment of sludge: 600°C, 790°C

Intercept 640.66223 70.75668 81.98 < 0.0001
Temperature of thermal treatment -0.25378 0.03313 58.66 < 0.0001
Sewage sludge ash:NaOH -5.23195 1.05765 24 .47 < 0.0001
Temperature of crystallisation 0.38404 0.20985 3.35 0.0783
Time of crystallisation 0.21825 0.09539 5.24 0.0302
Coefficient of determination R2= 0.7726; Corrected coefficient of determination R2= 0.7389

Temperature of the thermal treatment of sludge: 790°C, 980°C
Intercept 547.01022 55.71051 96.41 < 0.0001
Temperature of thermal treatment -0.08714 0.02530 11.86 0.0018
Sewage sludge ash:NaOH -5.79323 0.80766 51.45 < 0.0001
Temperature of crystallisation 0.44978 0.16025 7.88 0.0090
Coefficient of determination R2= 0.7177; Corrected coefficient of determination R2= 0.6875

Temperature of the thermal treatment of sludge: 600°C, 980°C
Intercept 611.72077 74.15311 68.05 < 0.0001
Temperature of thermal treatment -0.17046 0.01805 89.21 < 0.0001
Sewage sludge ash:NaOH -5.56119 1.15215 23.30 < 0.0001
Temperature of crystallisation 0.48600 0.22860 4.52 0.0425

Coefficient of determination R?= 0.8069; Corrected coefficient of determination R? = 0.7863

Table 10. The estimation of the parameters of the model describing the leaching of cadmium.

Independent variable ‘ Parameter evaluation ‘

Standard error ‘ Statistical value F ‘ Pr.>F (value p)

Temperature of the thermal treatment of sludge: 790°C, 980°C

Intercept -0.6289 0.20724 9,21 0,0052
Temperature of thermal treatment 0.00086286 0.00020415 17.86 0.0002
Temperature of activation 0.00313 0.00129 5,85 0,0223
Time of crystallisation -0.00384 0.00058771 42,63 < 0,0001

Coefficient of determination R2= 0,7032; Corrected coefficient of determination R2= 0,6714
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Table 11. The estimation of the parameters of models describing the leaching of chrome.

Independent variable ‘ Parameter evaluation ‘ Standard error ‘ Statistical value F ‘ Pr.>F (value p)
Temperature of the thermal treatment of sludge: 600°C, 790°C
Intercept -0.49362 0.20386 5.86 0.0217
Temperature of thermal treatment 0.00093359 0.00029062 10.32 0.0031
Coefficient of determination R2= 0.2559; Corrected coefficient of determination R2= 0.2311
Temperature of the thermal treatment of sludge: 600°C, 980°C
Intercept -1.04359 0.85680 1.48 0.2327
Temperature of thermal treatment 0.00185 0.00105 3.08 0.0895
Coefficient of determination R?= 0.093; Corrected coefficient of determination R = 0.0628

Table 12. The estimation of the parameters of models describing the leaching nickel.

Independent variable ‘ Parameter evaluation ‘ Standard error ‘ Statistical value F ‘ Pr.>F (value p)
Temperature of the thermal treatment of sludge: 600°C, 790°C
Intercept 2.03478 0.55846 13.28 0.0010
Temperature of thermal treatment -0.00176 0.00078613 5.03 0.0328
Time of crystallisation -0.00951 0.00226 17.66 0.0002
Coefficient of determination R?= 0.439; Corrected coefficient of determination R?= 0.4003
Temperature of the thermal treatment of sludge: 790°C, 980°C
Intercept -1.11501 0.53840 4.29 0.0474
Temperature of thermal treatment 0.00223 0.00060013 13.86 0.0008
Time of crystallisation -0.00972 0.00173 31.63 <0.0001
Coefficient of determination R2= 0.6107; Corrected coefficient of determination R? = 0.5839
Temperature of the thermal treatment of sludge: 600°C, 980°C
Intercept 1.14249 0.11266 102.84 < 0.0001
Time of crystallisation -0.01260 0.00221 32.66 < 0.0001
Coefficient of determination R?= 0.5212; Corrected coefficient of determination R?= 0.5053

incineration [Latosinska, 2017

; Latosinska, 2019,

e the formation of zeolitic structures statistically

Latosinska et al. 2012].

The models with good adjustment describe

the variability of the leaching of cadmium. The
models with the satisfactory adjustment describe
the variability of the leaching of nickel. In the
case of leaching of chrome, the obtained models
had poor adjustment.

CONCLUSIONS

The results of the research on the impact of

the chemical conversion parameters on the prop-
erties of sewage sludge ash allow drawing the fol-
lowing conclusions:

the conversion with the fusion method cause
the formation of the following in some of the
samples: (hydroxy)sodalite, zeolite X, zeolite
Y, zeolite P and (hydroxy)cancrinite,
regardless of the process parameters and the
temperature of the thermal treatment of sludge,
no monomineral zeolites were obtained,
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significantly depends on the temperature of
the thermal treatment of sludge and the ratio
of sewage sludge ash:NaOH. The time of crys-
tallisation and the temperature of crystallisa-
tion are also statistically significant,

the values of the cation-exchange capacity
statistically significantly depend on: the ra-
tio sewage sludge ash:NaOH, the tempera-
ture of crystallisation, the temperature of the
thermal treatment of sludge and the time of
crystallisation,

the temperature of the thermal treatment of
sludge and the time of crystallisation, and in
the case of cadmium also the temperature of
activation are the statistically significant pa-
rameters in the greatest number of models de-
scribing the leaching of the determined heavy
metals,

the cases of the lack of statistically significant
factors influencing the leaching of cadmium
and chrome are the consequence of the fact
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that no tested heavy metals were detected in
the eluates of some of the samples,

e higher temperature of the thermal treatment of
sewage sludge is favourable for the formation
of permanent structures,

e the temperature of the thermal treatment of
sewage sludge, being the parameter which
influences the effect of zeolitization and the
properties of the obtained material, is statisti-
cally significant, but the change of its value
has little impact on the tested features of the
modified ash. Taking into account the pos-
sible changes of the temperature of the ther-
mal treatment of sludge in the installation, e.g.
as a result of a breakdown, it is a favourable
situation.
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