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This study is focused on biosorption process used in wa-
ter treatment. The process has a number of advantages
and a lot of research has been done into its intensifica-
tion by means of ultrasonic modification of solutions.
The study carried out by the authors leads to the conclu-
sion that sonication of organic solutions allows for ex-
tension of the time of operation of carbon beds. For the
analysis of the results obtained during the sorption of
humic substances (HS) from the solution dependencies
UV/UV, or DOC/DOC, were used. In comparative stud-
ies the effectiveness of sorption and sonosorption (UV/
UV,) shows that the share of ultrasounds (US) is benefi-
cial for extension of time deposit, both at a flow rate HS
solution equal to 1 m/h and 5 m/h. Analysis of the US
impact sorption on HS sorption in a biological fluidized
bed, both prepared from biopreparat and the activated
sludge confirms the higher efficiency compared to so-
nobiosorption than biosorption. These results confirm
the degree of reduction UV,,,/UV, and DOC/DOC, for the
same processes. EMS index also confirms the improve-
ment of HSbiodegradation by sludge microorganisms.

Key words: water treatment, biosorption, biodegradation, ultra-
sounds

Received: 15 October, 2013; revised: 09 August, 2014; accepted:
25 August, 2014; available on-line: 04 November, 2014

INTRODUCTION

Adsorption on activated carbon

Modernization of contemporary technological systems
of water treatment, driven by the necessity of removal of
organic compounds from water, needs first and foremost
inclusion of sorption on granulated activated carbon
(AC). This process has been increasingly used in water
treatment plants since it is the least problematic among
the available methods. Adsorption on AC is a very con-
venient solution due to large surface areas typical of po-
rous materials. The opportunities of recovery of AC are
also very important from the economic standpoint as it
clongates life of carbon beds and reduces its operating
costs (Yu ez al, 2005). Used an example of Dzieckowice
Water Treatment Plant, the costs of carbon filters in
the whole process of water treatment might reach 15%,
while carbon regeneration helps reduce them by nearly
50% (Wojciechowska, 1998). An additional advantage is
that carbons can be used for sorption of both organic
and inorganic contaminants during a single process. The

rough porous surface of carbon provides a perfect base
for colonization of AC molecules by microorganisms.
AC is characterized by hydrophobic surface. The most
important parameter of carbons is their porosity i.e.
well-developed specific surface which reaches even up to
1000 m?/g.

The three hypothetical models of HS sorption on AC
were shown (Swiderska & Anielak, 2004).

An important factor that affects the method of HS
sorption of the sorbent is pH of the solution. Therefore,
way the particles of HS are adsorbed on AC might occur
according to the following patterns:

S-OH + H* = S-OH,*

with acid reaction

S-OH + H,0 = S-OH + H,0
with neutral reaction

S-OH + OH- = S-O- + H,0
with alkaline reaction

The first of them concerns the conditions of the acid
environment where the exchange of ligand between pro-
tons in the OH," group from the sorbent and carboxyl
groups from humic substance occurs. The process of
sorption usually occurs more effectively for acid reac-
tion. This can be explained by the fact that AC has a
positive surface charge and electrostatic interactions with
the humic substance with negative charge are likely to
occur. This can be presented by the following:

S-OH + H* = S-OH,*
S-OH,* + HS-COO" = $-OH,*OO0C-HS
S-OH,~OO0C-HS = S-OOC-HS + H,0

If both sorbent and HS have negative charges, the
binding might result from bridging through many multi-
valent cations such as Ca?*, Mg?*, or AP’".

S-OH + H,0 = S-O- + H,0*
S-O- + Ca?*+ HS-COO- = $-O-Ca-OOC-HS.

Biosorption

Two types of processes are observed when using
BAF_. Usually one of them is advantageous, but they
might be in a state of equilibrium. The first phase of
the process is dominated by the process of sorption and,
after adsorption of a particular amount of contaminant,
the second process occurs (biodegradation) (Sakoda et
al., 1990). Prevalence of one process over the other (or
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their equilibrium) was described by the index proposed
by Eberhardt, Madsen and Sontheimer (EMS=y). It is
expressed by the ratio of oxidability (measured by means
of permanganate or chromate methods) to the value of
solved oxygen

s = AChZT/AO,

Depending on s index, different processes might be
observed:

s=1: equilibrium between sorption and biodegradation pro-
cesses,

s<1: prevalence of biodegradation,

s>1: prevalence of sorption,

s=0 (AChZT=0 and AO,=0): necither of the processes occurs;
(AChZT>0 and AO,=0): only sorption is observed (Perchu¢
& Grabifiska-Loniewska, 1998).

In nature, microorganisms are present in water. There-
fore, each bed used under industrial conditions, after
particular operating time, is colonized by microbial con-
sortia. The type and the rate of biomass growth depends
on several conditions, such as access of oxygen and or-
ganic matter, pH, type and content of contaminants or
presence of toxic substances in water. AC provides a
good base for colonization by bacteria because of their
porous structure. It is build up on the external surface
of the carbon, which is much rougher. The pore interi-
ors are smooth, therefore microorganisms are unwilling
to colonize them (Walker & Weatherley, 1999; Wolbor-
ska e al., 2003; Papciak, 2004; Motczan, 2006; Duan et
al., 2007; Yapsakli & Cecen, 2010).

A good source of microbial consortia is provided by
activated sludge. It represents an advanced biocenosis
which positively interacts during biochemical processes.
Therefore, activated sludge is used as a substrate for in-
vestigations of the effectiveness of biosorption and bio-
degradation of contaminants.

An example of a scientific publication describing the
use of activated sludge in biodegradation is a paper
showing the degradation of fluoranthene with high ef-
ficiency, just by activated sludge microorganisms (Pickar-
ska, 1994).

Decomposition of the organic compounds adsorbed
on the surface of sorbent is based on heterotrophic bac-
teria present in water and soil. A study demonstrated
that the use of preparations containing microorganisms
and enzymes can be justified. This is confirmed by the
studies on the use of DBC-PLUS preparation for bio-
degradation of petroleum derivative substances from oil-
contaminated soils (Papciak & Zamorska, 2004).

Ultrasonic modification of biosorption process

Process modification consists in application of com-
bination methods that allow for more effective water
treatment taking into consideration the environmental
protection as well as the economic aspects. The most
frequently used methods of modification in biotechnol-
ogy include: oxidation, photolysis, sonication and the
methods that combine these processes.

One of the relatively new technologies used in re-
search studies is ultrasonic modification. A sono-sorp-
tion, which is the use of the energy of US field, is an ex-
ample of modification of sorption. US can be used with
respect to AC, solutions or the whole systems of carbon
with solution (which is easier in the case of the process-
es carried out in static conditions). US initiate changes
in a system exposed to US field through clevating pres-
sute and temperature. US might promote oxidation/re-

duction in a solution, degradation of polymers and other
chemical compounds, and have effect on reaction time
(Stepniak, 20006; Stepniak e al., 2009). Generation of the
waves leads to formation of cavitation bubbles with the
temperature of 5000 K and pressure of 500 at. The bub-
bles are chiefly responsible for sonochemical reactions
(Mason ez al., 2003). Cavitation in water might cause two
types of reaction to contaminants: chemical oxidation
that uses highly reactive free radicals or decomposition
of macromolecules affected by a high-impact wave. The
cavitation process consists in compression of the bub-
bles and thermal dissociation of water particles according
to the following reactions:

H,0 — H° + HO®
0, — 20

HO® + O — HOO®
0,+ 0 — O,
2HO® — H,0,.

These reactions lead to formation of ozone, H,0, and
radicals: H°, HO®, HOO® with high reactivity (Chemat
et al., 2001). The idea behind sonication process in sorp-
tion is to obtain the compounds with lower molecular
mass, which are easier adsorbed by micropores (increase
in carbon sorption capacity), easier biodegraded, and bet-
ter assimilated by microorganisms.

Different organic compounds have been extensively
researched by the scientists who test the usefulness of
exposure to US. Examples of such compounds is sac-
charin which is more bioabsorbable involving US (Ber-
nardo e al., 2006). These researchers demonstrated that
US have effect on improved sorption of saccharin. In-
creased sonication time causes a reduction in TOC con-
centration. Other studies measured the effect of US on
operation of biological filters, who reported a positive
effect of US with power of 10 W that caused an increase
in bacterial count in the bed, which resulted in improved
biodegradation of organic compounds in a bioreactor
(Liu e al., 2005). Results of microbiological examination
of water disinfection with US fields indicate a high de-
gree of decontamination of microorganisms. However,
sonication should be connected e.g. with ozone, UV ra-
diation or chlorination (Mason e/ al., 2003)

Studies on the use of US field for bed regeneration
showed that US promote desorption of the compounds.
This phenomenon can be useful in the regeneration of
the bed, which can not be subjected to heat and chemi-
cal processes, as it is in the polymeric adsorbents (Breit-
bach & Bathen, 2001).

US are also used in such processes as water disinfec-
tion or as an agent that stimulates growth and biochemi-
cal transformations in microorganisms (Liu e/ a/, 2005).
The US (with power of 10 W) might increase biologi-
cal activity of Sacharomyces cerevisiae. 'The effect of sonica-
tion was maintained for 24 h. Furthermore, US field has
been successfully used in disintegration of bacteria cells
coming from sewage sludge (Nickel & Neis, 2007; Jiang
et al., 2011). The former authors obtained satisfactory
results of the effect of US on decomposition of a bio-
logical bed, which caused an increased yield of biofuel.
Jiang and his co-authors used US for initial processing
of sewage sludge. The results obtained by these authors
led them to the conclusion that the degree of removal
of the organic matter after the use of US increased from
11-19% to 25-57%.

The aim of the present study was to evaluate the ef-
ficiency of US-ssistance biosorption of HS.
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Combined methods

There is a tendency among the researchers who in-
vestigate new methods used in the process of water
treatment to employ several partial processes. This often
leads to improved effectiveness especially through en-
hancement and initiation of other processes. The most
popular example of using combined methods is oxida-
ton.

US field used during the process of removal of or-
ganic compounds has attracted little scientific attention
in the world. The results of studies were carried out with
sono-oxidation and showed that degradation of HS, de-
termined by the content of total organic carbon (TOC)
was possible just after one hour (Chemat e/ @/, 2001).
The rate of removal of HS as TOC (Kim et al., 2007)
was studied. These authors described the relationship be-
tween increased dose of H,0, and TOC removal rate. A
method of oxidation combined with sonication or ultra-
violet radiation for removal of humic acids was also used
(Mahvi e/ al., 2009). They demonstrated that photodegra-
dation occurs at increased efficiency and at shorter time
than the simultaneous ultrasonic degradation.

The reasearch in the removal of humic acids and
concentrated natural organic substances was carried out
(Raczyk-Stanistawiak ez a/., 2007).

Used carbon F-400, filtration rate was 10 m/h. Bio-
filtration was aided with ozonation. These activities al-
lowed for removal of DOC by 24% during 30-minute
contact of carbon with the solution, by 21% for 15 min-
utes and by 8% for 5-minute contact time. UV,,, was re-
duced by 60% with the same contact time. The increase
in the time of contact between the bed and carbon up
to 60 minutes improved the effectiveness to 65%.

Analysis of HS sotption on biological filter using a
power supply with an initial ozone showed improvement
in process efficiency by 10%. As mentioned above, the
HS biodegradation by microorganisms has been assisted
with the activated sludge (Kaleta, 2004).

MATERIALS AND METHODS

The study used 1-metre filtration columns with in-
ternal diameter of 0.026 m, filled with carbon bed. The
adsorbent was provided by AC ROW 08 Supra (Norit).
The height of the carbon bed was 0.5 m. The rate of
solution flow through the column from the top to the
bottom was constant (1 m/h or 5 m/h). Adsorbate was
provided by a commercial preparation of humic acids
(manufactured by Acros Organics, with content of hu-
mic acids of 50-60%). For this purpose, the authors pre-
pared a model solution of HS with concentration of 20
mg/ dm’ based on deionized water. The study evaluated
the opportunities for increasing the process effectiveness
through ultrasonic modification of HS solution. An ultra-
sonic disintegrator VCX 750 (Sonics) with the frequency
of 20 kHz was used. Solution sonication was carried out
for 1 minute and amplitude of 100% (114 pm). The bio-
logical carbon filter design included microbial consortia
of a commercial biopreparation (Enzybac, manufactured
by Biozym) — containing lyophilized bacteria and en-
zymes designed for sewage treatment plants, or acti-
vated sludge — from Sewage Treatment Plants ZGK in
Mstow). Carbon filters were created by flooding the AC
by solution of biopreparation or sludge for a period of
one month for the culture conditions, such as the daily
portioning of organic matter in very small ration (HS)
and aeration of the bed by mixing.

In order to evaluate the process effectiveness, the ab-
sorbance UV, (Spectrofotometr Termo Electron Cot-
poration Helios a Spectrolab) two times and dissolved
organic catbon DOC (carbon analyzer mult N/C 2100
Analytikjena) three times, were measured in the eluate
samples. Measurement of UV,., absorbance is regarded
as a basic method used for evaluation of organic con-
taminants in water (Szumielewicz, 1993; Molczan es al.,
2006; Motczan, 2007; Figiel, 2012). DOC represents
a more accurate measute which directly indicates the
content of dissolved organic carbon in HS. Therefore,
our main focus was on measurement of this parameter.
Appropriateness of the indices of organic contamina-
tion (UV, DOC) adopted in the study has been dem-
onstrated by the previous study on the effect of US
on humic acid solutions (Stepniak ez a/, 2009). This
study has shown that reduction in these indices causes
a treduction in SUVA,, (UV,,,/DOC). Evaluation of
SUVA,,, index in the publication concerned solutions
of HS subjected to sonication, without taking sorption
into consideration. In the authot’s own research, the
US field was used for HS solutions before introduc-
ing them to carbon filters. DOC levels were evaluated
in the samples of eluate, filtered using syringe filters
(membrane cellulose acetate, pore diameter: 0.45 pm).
Further research will extend evaluation of humic acid
levels in model solutions (made of commercial prepara-
tion of salts of humic acid) with a combined extraction
and spectrophotometric method. HA-DOC and HA-
UV,.,, curves with specific correlations will be used to
determine actual concentration of humic acid.

Changes in these indices were evaluated based on the
initial values (absorbance UV and DOC) and final val-
ues (absorbance UV and DOC) expressed as a value of
UV/ UV,and DOC/ DOC,. In the case of the columns
with biological bed, the authors also determined the level
of dissolved oxygen (PN-C-04545-08:1972P electrochem-
ical method using Elmetron oxygen meter) in order to
calculate the EMS index that allows for determination
of the contribution of the processes that occurred in the
column (sorption and biodegradation). To determine the
value of EMS, the COD oxidisability or organic com-
pounds in the solution discharged from the column was
also necessary to examine. The permanganate (PN-EN
ISO 8467:2001) was applied for this method. Equation
EMS=s ratio has been described in part Introduction:
Biosorption.

The final time of the column operation was represent-
ed by the time of obtaining 95% of initial concentration

in HS solution determined based on absorbance UV,,,.

RESULTS AND DISCUSSION

HS solutions in various systems were characterized by
UV range 0.405-0.465 and DOC range 5.26-7.27.

Analysis of the results obtained in the study concern-
ing sorption of HS carried out on a carbon bed for
two different flow rates (V=1 m/h and V=5 m/h, see
Fig. 1) allowed for evaluation of HS removal in these
processes. Comparison of the degree of HS removal
from UV/UV, relationship in the first phase of the pro-
cess suggests a higher effectiveness of the bed with low-
er flow rates. Furthermore, the final phase of sorption
suggests improved results for higher rates: elongation of
operating time by nearly 100%. Sono-sorption, described
with the same relationship, points to a comparable effec-
tiveness of the process for the flow rates of V=5 m/h.
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Figure 1. Degree reduction UV/ UV, in HS solution
S1-sorption (V=1 m/h); S5-sorption (V=5 m/h); SS1-sonosorption
(V=1 m/h); SS5-sonosorption (V=5 m/h).
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Figure 2. Degree reduction UV/ UV, in HS solution (V=1 m/h)
Bb-biosorption by biopreparat, SBb-sonobiosorption by biopre-
parat; Bas-biosorption by activated sludge; SBas-sonosorption by
activated sludge.

With the rate of 1 m/h, sonication caused a considerable
elongation of column operation life.

Comparative analysis of the initial phase showed
higher effectiveness of sewage sludge compared to bio-
preparation and an advantageous effect of US (higher
degree of HS reduction in the sonificated systems, sece
Fig. 2). Analysis of sorption and sono-sorption that used
bacteria of biopreparation and sewage sludge based on
the UV/UV, rato suggests similar process effectiveness
and similar column operation time in the final phase for
both sources of bacteria (Fig. 2). No effect of sonication
of HS solutions on process effectiveness was recorded
in this phase. Comparison of DOC/DOC, for the beds
with biopreparation and activated sludge showed simi-
lar relationships as in the case of UV/UV, (Fig. 3). The
system, which HS reduction was the most effective in
the first phase of the process, was an US-modified bi-
osorption bed with bacteria of activated sludge, followed
by the bed without ultrasonic modification and the bi-
osorption bed of biopreparation (modified and basic).
The final phase was characterized by different effects i.c.
insignificant improvement in the biodegradation process
using the bacteria of the activated sludge in the system
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Figure 3. Degree reduction DOC/ DOC, in HS solution (V=1 m/h)
Bb-biosorption by biopreparat, SBb-sonobiosorption by biopre-
parat; Bas-biosorption by activated sludge; SBas-sonosorption by
activated sludge.
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Figure 4. EMS index (V=1 m/h)

Bb-biosorption by biopreparat; SBb-sonobiosorption by biopre-
parat; Bas-biosorption by activated sludge; SBas-sonosorption by
activated sludge.

modified with US field with respect to the basic sys-
tem; high and maintained degree of HS removal in the
biological system with biopreparation modified with US
field.

Evaluation of the EMS index points to differences
in biological activity of the bacteria that colonize the
biological beds studied (Fig. 4). The bed obtained us-
ing biopreparation was characterized by the advantage of
sorption in initial and final phases of the process. Bio-
degradation was dominant in the middle phase. It was
observed that the US field favourably affected biodeg-
radation in the 1st phase while the 2nd phase exhibited
advantage of sorption over biodegradation. Better re-
sults of HS biodegradation were observed in the filter
obtained using sewage sludge bacteria. Biodegradation
showed advantage from the beginning of bed operation
and the equilibrium between sorption and biodegrada-
tion processes (EMS index at the level of 1) was main-
tained as the bed was depleted.

The process of contaminant sorption by means of AC
has been the focus of scientific interest over many years.
However, the problems of removal of HS from water
are being investigated by few researchers. The process is
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difficult and complex due to its design and the nature of
HS (macromolecules, unknown structure, potential for
formation of coloids and mutagenic compounds). The
present investigations were carried out towards the use
of US field for intensification of the process of adsorp-
tion of HS from water. In order to evaluate the effect of
US field on sorption of HS, the authors examined the
effect of sonication on biological beds. Among Polish
scientists in the field of removing organic compounds
in the sorption process on AC, one should emphasize
several studies. The use of ROW 08 Supra carbon was
analysed and it was found that the parameters stud-
ied were decreased on average by: 39% for oxidability,
47% for UV,,,, 75% for turbidity and 63% for colour
(Kiedrynska, 2004). Bed height was 2 m, external diam-
eter of the column was 200 mm and the time of con-
tact of water with the bed was 30 minutes. The bed was
provided by a biological filter, which had been build up
for about 1 year before the experiment. The study found
the highest rate of removal of organic matter from AC
at the flow rate of 1m/h based on absorbance UV and
DOC using bacteria (Figs. 2, 3). During the study carried
out in Gruszczyna Water Treatment Plant, biological bed
activity and changes in the physical and chemical param-
eters of water after treatment (including TOC, oxidabil-
ity, UV,.,) (Pruss e/ al, 2009) were examined. After anal-
ysis of the samples, these researchers reported a decline
in oxidability, TOC and UV,,,, by ca. 30%, 14% and
25%, respectively. The study was carried out in four par-
allel biological filters (0.15 m in diameter, 3 m in height
and filtration rate of 5-10 m/h) with water supply from
Warta river, the researchers evaluated e.g. UV, TOC
and COD (Sozatiski e al., 1993). ’

The decline in TOC ranged from 8 to 15%, depend-
ing on bed operating time. For UV, this effective-
ness ranged from 28% to 78%. The above values of
sorption effectiveness were observed in the beginning
of bed operation. During the pilot study cartied out in
Kalinko Water Treatment Plant, the researchers devel-
oped recommendations for the process after changing
the rapid graveller filters into carbon filters (Wolborska
et al., 2003). The bed height was 1.1 m, the internal di-
ameter was 1 m and the flow rate for the water sup-
plied to the filter was 2 m/h. Bed filling was provided
by granulated carbon TL830. Analysis of bed perfor-
mance was based on the following parameters: pH, tur-
bidity, colour, smell, oxidability, TOC, DOC, UV,.,. A
reduction in water oxidability ranged from 33% to 69%,
DOC decreased by ca. 30% and UV, by about 60%.
Bed biological activity was also determined by means
of EMS test. Biosorption process showed a considera-
ble advantage after filtration of about 6000 m?. The re-
sults of the experiments carried out in order to evaluate
biological activity of beds are illustrated in Fig. 4. The
diagram shows that the process of biosorption was the
most advantageous during the processes. Research con-
ducted in the WTP Goczalkowice that work with time
deposits (microbial growth), the biological degradation
of the contaminants, which observed by loss of oxygen
dissolved in water subjected to filtration. In the sum-
mer periods (temperature rise and growing number of
micro-organisms) the loss of oxygen is higher (Szostak,
2013). The bed that had the highest biological activity
was provided by the filter obtained based on activated
sludge bacteria. A different effect of US on the bed
studied was also found, i.e. activity of biopreparation
decreased with time of bed operation while the activity
of activated sludge was rising.

In studies of sorption aided with other factors were
carried out, who analysed sonosorption of HS on gran-
ulated AC (Kusiak e# al, 2011). These papers demon-
strated that sonication of the solution of HS leads to
enhanced efficiency of the process.

CONCLUSIONS

Analysis of the results obtained in the present study
leads to the following conclusions:

Higher degree of HS removal described by a change
in absorbance UV ., was reported at lower rates of V=1
m/h. Elongation of bed operation time in the system
with ultrasonic modification of HS solution was also ob-
served.

Operation of biological beds obtained based on bio-
preparation and activated sludge suggests improved ef-
fectiveness of the process of removal of HS and elon-
gation of operating time of columns compared to the
system of sorption.

Comparison of HS biosorption with the use of bacte-
ria of biopreparation and activated sludge points to im-
proved effectiveness of the process after application of
US field in order to modify HS in the solution.

EMS index determined for biological beds points to
the advantage of biodegradation over sorption and var-
ied impact of US on biological activity of bacteria i.e.
stimulation in the 1st phase with respect to bioprepa-
ration and in the 2nd phase with respect to activated
sludge.
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