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a b s t r a c t
Within presented work, the potential of gasification ash from the waste biomass conversion process 
as a sorbent for purification of the water solution was analysed and discussed. The comparison of the 
basic phenol removal effectiveness on the untreated materials, gasification ash and sewage sludge, 
gasification fuel, was done. The research aimed for comparison of the materials with and without 
preparation, being the washing with deionized water. The properties of the investigated materials 
were determined after sorption at temperature of 298 K using the sorption isotherms calculated by 
Freundlich equations. Moreover, the solution toxicity and leaching various chemical elements from 
material were analysed. It was denoted that phenol adsorption on solid fraction from the waste bio-
mass thermo-chemical conversion process is more effective in comparison with process realized on 
unreacted fuel. The process intensity has been forced by the pre-treatment of the sorbent by deionized 
water. However, it was proved that there are many unfavourable phenomena during the process such 
as the increment of the solution toxicity and leaching of the chemical substances.
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1. Introduction

Phenol and other low-molecular weight elements are 
known to be toxic and inflict both severe and long-lasting 
effect on both humans and animals [1]. They act as carcino-
gens and cause damage to the red blood cells and the liver, 
even at low concentrations. Chemical oxidation, membrane 
processes and adsorption are the example of the effective 
methods used to eliminate low-molecular weight elements 
from aqueous streams and systems [2–8]. Among these 
processes, sorption arguably stands out with unflagging 
popularity. Overall efficiency of the adsorption processes 

is heavily dependent on the thermodynamic conditions of 
the process, that is, temperature and pressure, as well as 
the adsorbent type [9]. At the same time, one should always 
remember to strive for the criterion of increasing the effi-
ciency of the process while still trying to reduce its costs. 
Addressing cost reduction, it can be seen that more and 
more interest is put on non-conventional adsorbents, that is, 
natural resources, bio-sorbents and waste materials, includ-
ing industrial or agricultural [10–17].

Regarding sorbent materials, carbon derivatives obtained 
from biomass and wastes, that is, beet pulp [18] or rice husk 
[19] and commercial activated carbons provide excellent 
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sorption properties of phenol [20]. Analyzing unconven-
tional adsorbents such as derivatives of algae [21], olive pom-
ace [22], red mud [23] and bagasse fly ashes from combustion 
process [24] despite potential low acquisition cost, the sorp-
tion effectiveness is much lower. Moreover, some of them, 
for example, fly ashes, are characterized by unfavourable 
properties such as large amounts of alkali metals [25–27].

The adsorption potential of the solid by-products from 
the gasification (ash) to eliminate phenol from aqueous 
solution is presented. Additionally, the sorption effective-
ness on the untreated, granulated sewage sludge (GSS) was 
analysed. 

The comparison of the materials with and without pre-
paring relaying on washing with deionized water was made. 
The process efficiency was evaluated based on the following 
parameters: Kf and n, constants determined by the Freundlich 
equation. The presented study included also an evaluation 
of the unfavourable phenomena, occurring during the sorp-
tion on the unconventional adsorbents, that is, leaching of 
the chemicals from sorption materials (very often ones with 
biological activity) and the change of the solution toxicity.

2. Experimental

2.1. Adsorbents

GSS collected from Polish mechanical-biological-chem-
ical wastewater treatment plant (with simultaneous phos-
phorus precipitation) formed during gasification ash was 
analysed. The sludge production process in this system 
includes: anaerobic digestion followed by dewatering and 
drying in a belt drier using air preheated to temperature 
equal to 150°C. Finally, the dried product, that is, sludge 
is compressed and formed into thin “pasta” (Fig. 1a). As a 
thermo-chemical conversion method, the hot air fixed bed 
gasification process of GSS was adapted. Previously adapted 
methodology assumed: gasification agent (air) temperature 
298–523 K with the air ratio, λ, 0.12–0.27 [28]. In this study, 
gasification proceeded at constant thermodynamic condi-
tions (temperature of the gasification agent was 298 K and 
air ratio equal to λ = 0.18. Main solid residue, gasification 
ash is presented in Fig. 1b.

In Table 1, the concentrations of pollutants present in 
the GSS and the gasification ash is presented [29]. It was 
denoted that main contaminants of dried sludge were 
PAH’s (polycyclic aromatic hydrocarbons) and heavy met-
als. Noteworthy, the solid gasification by-products were not 
discovered to contain any of the organic elements, which 
was detected initially in the GSS. Gasification solid fraction 

of products contained mainly inorganic substances, with 
significant amount of heavy metals. Denoted presence of 
contaminants is a crucial information for the risk assess-
ment associated with the use of waste derivate.

During the process, first the sorbents were pre-washed 
using deionized water, then dried at 60°C. Lastly, washed and 
dried samples were pulverized. The methodology has already 
been presented and discussed in previous work elsewhere 
[31], being the typical way for the adsorbent pretreatment in 
this kind of research. Furthermore, for comparison purposes, 
adsorbent materials without preparing were also used.

2.2. Adsorbate

The conventional phenol reagent (Merck, Warsaw, 
Poland) as an adsorbate was used. The solution of the adsor-
bate was produced by directly dissolving in water. The 
research was carried out at pH 7.0. It was regulated by HCl 
0.1 mol/L or NaOH 0.2 mol/L. Spectrometry was adapted to 
determine phenol concentration with 4-aminoantipyrine at a 
wavelength of 510 nm.

2.3. Adsorption studies

Adsorption was carried out under static environment 
using Erlenmeyer flasks, with process temperature of 298 K. 
Investigated adsorbent material (1,000 mg/L) was added to a 
solution of the adsorbate (V = 100 mL, pH = 7.0) at a concen-
tration of 60–90 mg/L. 

The samples were shaken for 1 h using laboratory shaker, 
Labor System (Wroclaw, Poland) in a  circular motion at a speed 
of 300 rpm. Before the marking, sample was filtered through 
a membrane with a pore size of 0.45 µm (Merck, Warsaw, 

a) 

 

b) 

 

Fig. 1. Investigated feedstock: samples of dried sewage sludge (a) 
and gasification ash (b).

Table 1
Concentration of main compounds in GSS and ash [30]

Organic compounds Concentration, µg/kg (dry basis)

Sewage sludge Ash

Sum of PAHs1 621.33 n.d.
Sum of pesticides2 1.28 n.d.
Sum of PCBs3 12.47 n.d.

Heavy metals Concentration, mg/kg (dry basis)
Zn 991.20 1,913.00
Cu 183.16 599.00
Pb 59.97 136.00
Ni 18.90 53.60
Cr 584.53 911.00
Cd 3.24 1.60
As 3.94 6.44
Hg 0.96 0.00
Se 1.70 0.01
Sum 1,847.60 3,620.65

1phenanthrene, anthracene, benzo(a)fluoranthene, pyrene, chry-
sene, benzo(b)fluoranthene, dibenzo(a,h)anthracene, benzo(g,h,i)
perylene, indeno(1,2,3-cd)pyrene;
2heptachlor, aldrin, endrin; 32,2′,5,5′-PCB, 2,2′,4,5,5′-PCB, 2,2′,4,4′,5,5′- 
PCB; n.d. - not detected.



S. Werle et al. / Desalination and Water Treatment 186 (2020) 72–7774

Poland) to remove the adsorbent material. Equilibrium 
results were analysed using the popular Freundlich adsorp-
tion isotherm, being the base for the design of the sorption 
process. In previous work within this field, it was concluded 
[32] that the fit quality of theoretical Freundlich adsorption 
isotherm to experimental data is higher comparing with the 
Langmuir isotherm. This effect was especially significant in 
the studies of the phenol adsorption using ash from the GSS 
gasification.

The Freundlich model is given as follows [32]:

q K Cf
n

eq eq= × 1/  (1)

where qeq - quantity of the adsorbed substance per specified 
portion of the adsorbent (mg/g), Ceq- equilibrium strength 
for the solution (mg/L), Kf and n - the Freundlich constants 
associated with the sorption intensity.

Presented Eq. (1), being the empirical formula, is based on 
sorption on a heterogeneous surface, which can be arranged 
as a linear function. Such arrangement allows relatively 
simple calculation of the constants: Kf  and n.

log log logq K
n

Cfeq eq= +
1

 (2)

2.4. Determination of the solution toxicity with the assessment of 
the leaching of inorganic and organic substances from adsorbents

One of the presented study goals was an assessment of 
the leaching organic and implied pollutants from adsorbents 
with simultaneous solution toxicity determination. Studies 
were carried out without the phenol addition to the analysed 
solution. Amounts of inorganic and organic elements were 
determined in the indirect method, using UV254 method.

Conductivity and general parameters of the solutions 
(temperature, pH) were determined using inoLab® 740 
(WTW, Wrocław, Poland). The absorbance in UV254 was 
determined by the spectrophotometer Cecil 1000 by Cecil 
Instruments (Cambridge, United Kingdom). Toxicity of the 
solutions was evaluated by the bioluminescence inhibition 
of the marine bacteria (Aliivibrio fischeri). Selected method is 
based on the assessment of the metabolic changes of bacteria 
affected by the environmental conditions, solution proper-
ties. Dependent variable are changes in the intensity of the 
light emitted by the microorganisms. Bioluminescence tests 
were conducted using MicrotoxOmni installation in the anal-
yser Microtox 500 (Tigret Ltd., Warsaw, Poland). The system 
comprises both an incubator and a dedicated photometer. 
The principle of the assay was based on addition of a sus-
pension of rehydrated bacteria to the solution of the sample. 
After 5 min of exhibition time, percentage value of biolumi-
nescence inhibition was measured and compared against the 
control sample (2% Nail).

Toxicity classification of the samples was determined 
using the system presented by many scientists [33–35]. The 
methodology is connected with the amount of the effect 
observed in the indicator organisms. When the effect is below 
25%, it was concluded that samples are non-toxic. Effect 
between 25% and 50% was determined as a low toxic, effect 
higher than 50% but lower than 75% was determined as toxic 

and finally effect higher than 75% was determined as highly 
toxic.

The indirect methods were adapted due to the complex-
ity of structure and composition of both the GSS and the 
gasification ash, comprising various inorganic and organic 
substances. Full characterization of these elements would 
require both cost- and time-consuming comprehensive study.

3. Results and discussion

Performed experiments proved that both investigated 
adsorbents release chemicals after contact with deionized 
water. Conclusion was stated based on the increase of the 
solution conductivity (Figs. 2a and 3a) and absorbance in 
UV254 (Figs. 2b and 3b). This phenomenon was pointed both 
for the gasification ash and dried sewage sludge. This frag-
ment of the research was determined with no addition of 
phenol to the solution. Additionally, it has been shown that 
the solution is characterized by different values of biolumi-
nescence inhibition (Figs. 2c and 3c). This is due to eluting 
of the toxic elements with different physico-chemical prop-
erties from the tested adsorbent materials. The strength of 
the observed phenomena is significantly affected by both the 
adsorbents (ash from gasification, the GSS) and the fact if 
the material was initially pre-prepared or not. The intensity 
of the release phenomenon of the primary chemicals from 
adsorbents was smaller for the pre-washed ash from the gas-
ification than for the GSS. Analyzing the GSS, the initial pre-
wash does not significantly reduce the further release phe-
nomenon of an organic or an inorganic substance (Figs. 3a 
and b). However, this phenomenon was recognized in cases 
of the pre-washed gasification ashes (Figs. 2a and b). What is 
emphasised is that initial pre-washing of the both analysed 
materials significantly impacts on the value of the power of 
the individual solution bioluminescence inhibition (Figs. 
2c and 3c). Before washing process, both materials were 
induced toxicity of the solution. After the washing process, 
solutions were non-toxic. In the summary of this fragment 
of the work, it should be dotted that the assessment of the 
unfavourable phenomena connected with the use of uncon-
ventional materials to the sorption should be a significant 
part of the research methodology. Although it should be also 
noted that this problem will not apply to non-conventional 
adsorbents, which originally did not contain contaminants 
such as, for example, olive seeds [16].

The obtained results regarding the solutions toxicity 
are hard to interpret as both the GSS and the gasification 
ash are polluted with inorganic and organic chemicals. To 
some extent, those substances have already been charac-
terized in the previous studies within this field [31], and 
presented in Table 1. Elucidation of the phenomenon occur-
ring in water environment with an un-conventional sorbent 
sets demand for further research. Furthermore, it is plausi-
ble that other types of contaminants are present in inves-
tigated samples. For the obtained results of the sorption 
(phenol concentration 60–90 mg/L), Freundlich adsorption 
isotherms were determined and analysed. It was the main 
aim for determining the constant isotherm equation coef-
ficients (Table 2). The Kf value for the Freundlich isotherm 
denotes adsorption capacity, while the n value describes 
strength of the adsorption. The lowest Kf value was denoted 
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for GSS without preparation, and the highest for deionized 
water pre-washed ash. Nevertheless, it can be said that the 
sorption strength for ash is much lower in comparison with 
GSS. However, initial preparation of the adsorbents had 
an impact on the value of this parameter. The results were 
also referred to earlier own research in this area [19]. The 
capacity of sorption of the GSS gasification from another 
treatment system (without chemical precipitation of phos-
phorus) was investigated. 

The analysed ash was made using the same methodol-
ogy as used in the presented paper. It was determined that 
the constant Kf in this case was slightly lower (42.218 mg/g) 
than the ash tested at present work (48.865 mg/g). On 
this basis, it can be summed up that the system type, 
which produced gasified GSS may affect on its adsorption 
properties.

Among these properties, a specific surface area of the 
adsorbent should be mentioned [12]. In the case of the 
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Fig. 2. Impact of the sample preparation on the solution conduc-
tivity (a), total organic carbon TOC (b) and the inhibition of the 
bioluminescence (c) in a solution of deionized water containing 
tested ash (no phenol addition).
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Fig. 3. Impact of the sample preparation on the conductivity of 
the solution (a), total organic carbon TOC (b) and the biolumi-
nescence inhibition (c) in a solution of deionized water contain-
ing tested GSS (no phenol addition).
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gasification ash, this parameter will depend upon the gasifi-
cation temperature.

4. Conclusion

The following conclusions can be stated based on the 
obtained results:

• For both investigated adsorbents, GSS and gasifica-
tion ash, environment of deionized water resulted in 
release of the inorganic and organic substances. Under 
these conditions the growth of the solution toxicity was 
denoted as well. The intensity of this phenomenon was 
lower in the case of gasification ash than for the GSS, 
which was affected by the initial fitting of the material 
through the washing in deionized water.

• Analysis of the coefficients of the isotherms showed, that 
GSS without preparation presents the lowest sorption 
capacity (determined based on the Kf) and the pre-pre-
pared ash from gasification showed the highest sorption 
capacity. However, comparing the adsorption strength, it 
can be realised that this parameter for ash is much lower 
in comparison to GSS. However, in that case, initial for-
mulation of the adsorbent material had an impact on this 
parameter.

• Taking into consideration both unfavourable phenomena 
and adsorption capacity of the analysed unconventional 
adsorbent it can be concluded, that its effective usage 
is connected with the fact if the material was initially 
pre-prepared or not.

• The comparative results showed that gasification ash, as 
a representative of biomass thermal-conversion by-prod-
uct, presented higher potential as an unconventional 
adsorbent when compared with GSS.
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