
Introduction

The removal of organic pollutants from natural 
waters is one of the fundamental problems in potable 
water treatment. They may be responsible for unpleasant 
odor and taste of water, can negatively affect consumer 
health, and may act as precursors of harmful oxidation by-
products. Common water treatment technologies that use 

coagulation, filtration, disinfection, or intermediate pre-
oxidation cannot always remove organic compounds in a 
sufficient way. Therefore, additional adsorption processes 
should be employed at different stages of water treatment 
systems. Generally, there are two methods of adsorption 
on activated carbon. The first utilizes powdered activated 
carbon (PAC) in a volume process (with coagulation) 
while the other uses particulate or granular-activated 
carbon in a filter; the former is preferred when risks of 
failure to meet drinking water quality parameters occur 
only occasionally [1-2].
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Abstract

This paper presents a study on adsorption of organic pollutants present in natural water on powdered 
activated carbon (PAC). Surface water was treated for municipal purposes at a water treatment plant. 
Currently used technological systems poorly utilize PAC adsorption capacity due to a small driving force 
of a mass exchange between water and sorbent. Additionally, the adsorption process takes place in volume 
systems with simultaneous coagulation. The authors proposed a new method where adsorption was carried 
out in a filter bed with PAC applied to its upper layer. The powdered sorbent was applied to the bed at 
the end of backwashing. This way an extended contact time between water and PAC was assured, which 
enhanced utilization of carbon sorption capacity. Comparative studies were also performed with adsorption 
in a volume system. The results confirmed that the filter bed showed a better utilization of PAC adsorption 
capacity than the volume system. The authors developed the PAC adsorption models in unsteady states for 
both volume and filter systems. Simulations confirmed that a utilization rate of PAC adsorption capacity in 
the filter can be several times higher than in volume systems that are commonly used for adsorption and 
coagulation. 
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Applying PAC to remove natural organic compounds 
and THM precursors from water has been analyzed by 
[2-9]. Based on the literature, the removal of dissolved 
organic substances (measured as DOC) and THM 
precursors depends on many factors: characteristics of 
pollutants, their concentrations, types of carbon, process 
parameters, and more. The PAC doses applied during the 
process remained within the range of tens to hundreds of 
grams per cubic meter.

A new concept of PAC application during 
water filtration

The proposed method involves the use of PAC 
to adsorb pollutants remaining after coagulation and 
sedimentation. Filters with two or three layers should be 
used in this method. In the case of a two-layer filter bed, 
PAC is applied to the upper layer (i.e., anthracite) during 
its fluidization at the end of filter backwashing. Once 
activated carbon has been applied, backwash flow is turned 
off and the bed of anthracite is embedded within powdered 
activated carbon. A sand layer protects the filter against 
carbon particle washout. During filtration, solids and 
dissolved substances are adsorbed onto PAC and removed 
from water. The frequency of filter backwashing depends 
on the rate of exhaustion of PAC adsorption capacity. 

In such a filter (PAC filter) the sorbent remains 
in contact with organic pollutants at concentrations 
comparable to the feed concentrations for a relatively long 
time (several tens of hours, depending on the filter cycle), 
while in batch homogeneous units with plug or dispersed 
flows (e.g., flocculators) concentrations of adsorbate in 
contact with PAC are lower. Accordingly, the driving force 
behind the adsorption rate in the filter will be greater than 
in other units, and PAC adsorption capacity can be utilized 
in a more efficient way. To match the effects obtained 
in the PAC filter, higher doses of the sorbent had to be 
employed in other units. A series of tests was performed to 
determine whether the new system could be successfully 
used and to demonstrate its better utilization of PAC 
adsorption capacity 

Water treatment process

Our study took place at the Dłubnia Water Treatment 
Plant (WTP) in Kraków:
–	 Water from the Dłubnia River passes to primary 

settling tanks and then to a well; water is pumped from 
there to the water treatment line.

–	 Then water passes to high-speed mixers. Coagulant 
and occasionally PAC (depending on water quality) 
are dosed to pipes ahead of the mixers. After rapid 
mixing water flows through an overflow pipe to a main 
pipe, which distributes water to flocculators.

–	 Flocculation and flocculation combined with PAC 
adsorption (occasionally) are carried out in five 
flocculators, each one consisting of two chambers. 
Water from the flocculators is discharged to a multi-
chamber settling tank.

–	 Flocks settle in the settling tank comprising five 
chambers. The sludge is removed from the settling 
tank by mechanical scrapers in a periodic mode. Water 
from the settling tank passes is pumped to filters.

–	 Ten rapid filters operate during normal conditions. 
They are equipped with block drainage and do not 
have a supporting layer. The filter bed consists of three 
layers (garnet, sand, anthracite).

–	 The water is disinfected with chlorine dioxide. A 
chlorine dioxide solution is dosed into the pipe ahead 
of the contact tank.

Material and Methods

Tests on PAC adsorption with simultaneous 
coagulation in a volume system

Currently, the PAC adsorption process takes place 
during coagulation at the WTP and PAC is dosed to water 
right after coagulant. The study on PAC adsorption was 
performed with beaker tests and a laboratory mixing set. 
Such tests can accurately reproduce the actual processes 
taking place in the volume systems (batch or plug flow 
reactors). The adsorption values, determined during the 
tests, could be used to design the actual technological 
systems and to determine the required PAC doses.

Raw water from the WTP was used in the tests. There 
were 6 experimental series. The water was poured into the 
1 dm3 beakers and then the coagulant PAX-16 was added; 
the coagulant dose was 2.0 g Al / m3. After 30 seconds, 
PAC doses ranging from 0 to 50 g/m3 were added to the 
beakers. Then after 20, 40, and 60 minutes the samples 
were taken for further analysis. They settled for 5 min and 
the remaining solids were removed by centrifugation. The 
UV absorbance of 254 nm was measured in the samples. 

Adsorption in the PAC filter

Water after coagulation and sedimentation was filtered 
in two identical filters. The columns were filled with sand 
and anthracite; a granulometric characteristic of the filter 
bed was kept the same as at the water treatment plant. The 
research was carried out in two parallel filters and PAC 
suspension was fed to the anthracite layer of one of the 
filters, after its backwashing. 

The study used two columns of diameter d = 0.150 m. 
The filter layers included a bottom gravel layer of 0.15 m, 
a middle sand layer of 0.5 m, and a top anthracite layer of 
0.5 m. The set of valves enabled a filtrate discharge and 
filter backwashing with tap water. Water after coagulation 
and sedimentation (settling tank) was pumped to the filters 
by a metering pump of variable capacity. Filtration rate 
was kept constant at 5 m/h and the filters were operating 
in a downflow mode. PAC was applied only to one of 
the filters. The PAC suspension was introduced to the 
anthracite layer using a metering pump. Then PAC was 
spread evenly throughout the layer during fluidization 
(expansion 5%) until carbon traces were observed above 
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the bed. Next, the water flow was shut off to let the 
anthracite and PAC layer settle. The water level over the 
filter bed was slowly stabilized down to the initial height 
at which the filter operation had started. Once the filter bed 
was ready for operation, water from the settling tank was 
pumped to the PAC filter as well as to the other filter column 
without PAC. Every two hours samples of feed water were 
collected by the peristaltic pump while the filter effluent 
samples were collected by the automatic water sampler 
at fixed times. After the cycle we determined absorbance 
at 254 nm and TOC. There were 12 filtration cycles. The 
doses of PAC applied to the filter were 21, 42, and 63 g. 

Adsorption models

The models presented in this section discuss the 
concentration of adsorbate C in a liquid phase. The 
absorbance measured at UV light of 254 nm (A254) is used 
to determine dissolved organic pollutants. Absorbance 
A is approximately proportional to concentration C. 
Therefore, the models are also valid for absorbance (C can 
be replaced by A in the equations). We used the dilution 
method to establish that the dimensionless concentration 
C/C0, for absorbance A from 0 to 3.6390 m-1, varies 
approximately linearly. Equation C/C0 = 0.2748* A was 
obtained, in which C0 is the initial concentration of organic 
compounds shawing absorbance A in UV254nm. For this 
formula, correlation coefficient was equal to 0.9996. The 
average relative error for the dimensionless concentrations 
C/C0 was calculated using this formula equal to 2.5%.

Adsorption in a volume system

Mass exchange rates between a solution and a sorbent 
in a volume system are described by the set of equations 
[10-14]:

      (1)
 

    (2)

…where:
C – adsorbate concentration in water (g/m3)
Ci – equilibrium concentration in water (g/m3)
k – mass transfer rate constant across a water-sorbent in-
terface (m/s)
am – specific outer surface of sorbent particles (m2/g of 
sorbent)
D – sorbent dose (g of sorbent/m3 of system)
ρw – water density (106g/m3)
ρu – system density (g/m3 of system)
εm – mass share of water in a water-sorbent system
a – adsorption quantity (g/g of sorbent)
t – time (s)
… unless sorbent dose D is not very low: ρu ≈ ρw + D 
,while εm ≈ ρw / (ρw + D) .

A relationship between equilibrium concentration 
Ci and the actual adsorption quantity, a, comes from 
adsorption isotherms:
–	 Henry’s isotherm:     

                              (3)

–	 Langmuir isotherm: 

                       (4)

Γ – Henry’s constant (m3 of water/g of sorbent)
amax – maximum adsorption capacity (asymptote of the 
Langmuir isotherm) (g/g of sorbent)
b – Langmuir isotherm’s constant (g/m3 of water)

When the adsorption equilibrium is described by 
Henry’s isotherm there is the analytical solution of 
equations (1) and (2). Substituting the equilibrium 
concentration Ci with (3), the solution of equations (1) and 
(2) at the initial condition:

                       (5)

… is as follows:

   (6)

… where:

                 (7)

               (8)

                (9)

Equation (6) has been used to determine the product  
k · am, which characterizes a substitute transfer rate con-
stant across the water-sorbent interface for the specific 
sorbent and at specific hydrodynamic conditions. To de-
termine α (Eq. (7)), dose D was assumed to be the mass 
of sorbent introduced to the unit water volume, instead to 
the unit water-sorbent volume, since both are practically 
the same. 

Adsorption in a column system

Transport of an adsorbate in an adsorption column 
can be described by the advection and diffusion equation, 
taking into account the adsorption rate as follows [10-14]:
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(10)

… where:
Vx – empty bed (column) velocity (m/s)
Dx – mass dispersion coefficient at the empty bed (m2/s)
ε – filter bed porosity 
ρp,sorb – apparent density of sorbent applied to the column 
(g sorb/m3), ρp,sorb = msorb/V
V – volume of the adsorption column (m3)
x – linear coordinate (m)
(others as above)

Adsorption quantity a* in a fixed adsorption layer is 
described with equation:

   (11)

… where:
a* – adsorption quantity (g/m3 of sorbent),  
a* = a · ρp,sorb /(1 – ε)
(others as above)

To integrate equations (10) and (11) the adsorption 
isotherm has to be identified. In this case, Henry’s isotherm 
has the form:

                             (12)

Γ* – Henry’s constant (m3 of water/m3 of sorbent), 

                          (13)
(others as above)

The set of equations (10) and (11) together with 
isotherm (12) were solved numerically [12-13]. Equation 
(10) was integrated after its decomposition [12-13]. 
First, integration was performed for adsorbate advection, 
including the adsorption rate, and then for mass dispersion. 
Such a procedure reduces the distorting effects that 
numerical diffusion has on the calculated concentrations 

and adsorption quantity. A computer program used for 
calculating mass transport with a simultaneous adsorption 
in transient flows and concentrations in open channels, 
was adapted and used to solve the problem. The program 
performs calculations for the filter bed with no adsorption 
in a lower layer [12-13] and allows us to carry out 
calculations for filter beds with variable dispersion and 
adsorption properties along the column when flows and 
concentrations of dissolved pollutants vary in time.

Operation of a filter column 
with PAC (PAC filter)

Concentrations of the pollutants adsorbed on PAC and 
retained on the other filter layers in the PAC filter can be 
based on the model of column adsorption and the effluent 
concentrations from the filter with no PAC. It is assumed 
that flows Q0 and feed concentrations of the pollutants C0 
to both filters are the same. If the effluent concentrations 
from the filter with no PAC are known at intervals ∆t, then 
after a time period equal to i*∆t the effluent concentration 
from the filter with PAC will be as follows [14]:

              (14)

…where:
C0 – concentrations in the influent to filters with and with-
out PAC (g/m3)
Ci – concentrations in the effluent from the filter without 
PAC after (i*∆t) (g/m3)
Ci,PWA – expected concentration in the effluent from the 
filter with PAC after (i*∆t) if filter had only a PAC layer 
(g/m3)
C*

i,PWA – concentrations in the effluent from the filter with 
PAC after (i*∆t) (g/m3)
Q0 – flow rate to the filters (m3/s)
∆t – time interval (s)

Equation (14) enables us to determine the adsorbate 
concentrations in the effluent from the PAC filter as a result 
of adsorption on PAC only. Equation (14) also describes 
the difference in operation efficiency between the filter 
with PAC and without PAC. The concentrations Ci,PWA may 

Figs 1 and 2. Absorbance A as a function of PAC doses and time during adsorption in a volume system.

Fig. 1.                                                                                                         Fig. 2. 



989Adsorption efficiency of powdered...

be used to estimate parameters of the adsorption model in 
the PAC filter. Equation (14) determines C*

i,PWA in the ef-
fluent from the PAC filter, as a result of filtration without 
PAC and adsorption on PAC, and then:

               (15)

Equation (15) becomes a model describing the opera-
tion of the PAC filter. In Equation (15), Ci,PWA results from 
the adsorption model in a filter column, while Ci is the 
adsorbate concentration measured in the effluent from the 
filter without PAC; C0 is the adsorbate concentration in the 
feed to both filters.

Results and Discussion

Adsorption on PAC with Simultaneous 
Coagulation in the Volume System

The results of laboratory studies on PAC adsorption 
with coagulation enabled us to determine the parameters of 
the adsorption model in the volume system (batch or a plug 
flow flocculator), as described in paragraph Adsorption in 
a volume system. The model helps to determine changes 
in absorbance of the aqueous solution and changes of PAC 
adsorption in relation to time and a sorbent dose.

Some test results and theoretical calculations are 
presented in Figs 1 and 2. 

During the research studies k*aM and Γ were determined 
for the adsorption model in volume systems (1), (2), and 
(3). The average parameters of the adsorption model with 
a simultaneous coagulation in the volume system (batch or 
a plug flow flocculator) are: k*aM  = 8.179E-02±6.085E-02 
(m/h)*(m2/g PAC), Γ = 1.284E-02±2.196E-03 m3/g PAC; 
a significant variability of k*aM is probably caused by the 
changing characteristic of water samples.

The curves representing absorbance vs. both a PAC 
dose and time in different experiments have similar slopes, 
which means that adsorption is fast, runs nearly through 
the equilibrium states, and is almost exclusively PAC dose-
dependent (Figs 1 and 2). For the average values of k*aM 
and Γ, and for the initial absorbance of 2.5 m-1, the average 
slope of the curves (dA/dD) was -0.0232 m2/g PAC. The 

Fig. 3. Absorbance A versus time for different PAC doses, as 
determined from the model of adsorption with coagulation in the 
volume system (average values of model parameters).

course of absorbance A over time for different PAC doses 
(Fig. 3) proves that adsorption runs through equilibrium 
states. Absorbance A virtually does not undergo further 
changes after about 0.333 h. 

Squared correlation coefficients R2 for models (1), (2), 
and (3) ranged from 0.864 to 0.970 and were sufficiently 
high to prove a well-fitting model. The average relative 
fitting error was low (0.0217) and its deviation was small 
(0.0063). Such a low average relative error confirms that 
the model fits the measurements well.

Effect filtration through 
the bed containing PAC

Figs 4, 5, and 6 illustrate changes of absorbance A in 
the effluent from the filter without PAC, with PAC, and 
adsorption on PAC only. The data were obtained from 
direct measurements and the model calculations for 
various PAC masses. The theoretical curves fit the recorded 
absorbance measurements well. The average relative error 
of the model fit is low (0.0394) and the deviation is small 
(0.0221). Such a low average relative error confirms that 
the model fits the measurements well.

Figs 4, 5, and  6.  Absorbance A vs. time in the efluent from 
the filter without PAC, with PAC and adsorption on PAC only 
obtained from measurements (data) and the model calculations 
(flow = 0.087 m3/h, x = 0 means top, and x = droga means the 
bottom cross-section of the filter).

Fig. 4.

Fig. 5.

Fig. 6.
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The test results enabled us to determine k*aM and Γ for 
the adsorption model in column systems (10), (11), and 
(12). The average model parameters varied, depending on 
the PAC mass introduced to the filter: 
– 21 g of PAC: 	 k*aM = 1.779E-03±5.858E-04
		   	 (m/h)*(m2/g PAC)
                           	 Γ = 9.600E-03±2.962E-03 m3/g PAC
                           	 ρp,sorb = 2.3767E+03 g/m3

                          
–  42 g of PAC:	 k*aM = 3.520E-03±9.133E-04
			   (m/h)*(m2/g PAC)
                           	 Γ = 1.807E-02±4.725E-03 m3/g PAC
                          	  ρp,sorb = 4.7534E+03 g/m3

– 63 g of PAC: 	 k*aM = 1.811E-03±6.869E-04
			   (m/h)*(m2/g PAC)
                           	 Γ = 7.552E-03±4.401E-04 m3/g PAC
                           	 ρp,sorb = 7.1301E+03 g/m3

Individual PAC masses have different apparent PAC 
densities ρp,sorb in the filter. The highest values of k*aM 
were obtained for 42 g of PAC. This amount of PAC is 
therefore strongly preferred with regard to adsorption effi-
ciency. The filtration velocity V*

x = Vx/ε = 2.384 · 10–3 and 
the mass dispersion coefficient D*

x = Dx/ε = 2.458 · 10–5  
m2/s were determined in separate studies.

The actual adsorption of organic compounds on PAC 
may be disturbed by other processes leading to a re-duc-
tion in the removal of organic compounds from water. 
PAC is capable of adsorbing inorganic polymers. In the 
case of low mass of PAC introduced into the filter (e.g., 
21 g or 2.38 kg of PAC/m3 of bed) adsorption of these 
polymers may substantially suppress adsorption capac-
ity of the sorbent. The equilibrium constant of the adsorp-
tion isotherm for organic compounds is low. Adsorption 
of polymers and colloids reduces the mass transfer rate 
to PAC particles. In this case, efficiency of adsorption of 
organic compounds on PAC in the filter is low compared 
to PAC adsorption with coagulation. A higher PAC mass 
applied to the filter (i.e., 42 g or 4.75 kg PAC/m3 of bed) 
increases the share of sorbent particles in the total mass of 
PAC-adsorbing organic compounds from water, and Hen-
ry’s constant in the adsorption isotherms is almost dou-
bled. This results in a significant increase of PAC utili-
zation efficiency in the filter. The efficiency exceeds the 
efficiency of sorbents observed during PAC adsorption 
with coagulation. A further increase of PAC mass intro-

duced into the filter up to 63 g (7.13 kg of PAC/m3 of bed) 
reduces sorbent utilization efficiency. The effect is prob-
ably related to the different physical mechanisms associ-
ated with sorption of adsorbates. 

A higher mass of PAC in the filter increases the amount 
of coal particles in pores of low diameters, resulting in 
flow obstruction. The blocking is even stronger since some 
particles present in water are retained on the PAC particles 
and therefore they cannot participate in adsorption. A high 
rate of clogging is observed in the upper layers and the 
PAC particles are coated with colloids. This way a large 
part of the sorbent cannot participate in adsorption of or-
ganic pollutants. In addition, PAC particles may form mul-
tilayer coatings that hinder adsorption. These effects are 
confirmed by the lower Henry’s constant Γ in the isotherm 
equation and the lower k*aM in the mass transfer rate equa-
tion. The presented method of PAC application to the filter 
is hardly reproducible. It also does not guarantee a uni-
form distribution of the sorbent along the filter height. An 
uneven PAC distribution within the filter is the primary 
factor responsible for significant changes in the adsorp-
tion effects during individual filter cycles with the same 
mass of PAC used.

 
Comparative study on removal 
of organic pollutants from water 

with PAC

Based on the results obtained from the individual  
filter cycles, the mass balances of substances identified 
by absorbance A (UV 254 nm) and of water volumes  
produced during a filter cycle were made. This way the 
average equivalent dose of PAC per filtrate volume was 

Table 1. Comparison of PAC adsorption in the filter and in the plug flow flocculator.

Mass of PAC applied 
to the filter   

(g PAC)

Average 
equivalent dose of 
PAC per a filtrate 

volume           
D1 (g/m3)

Average amount of 
organic pollutants 

removed in the PAC filter  
(absorbance units)

 a1 (m
3/(m*g))

Average amount of organic 
pollutants removed in

 the plug flow flocculator 
(absorbance units)

a2 (m
3/(m*g))

PAC dose to
 the plug flow 

flocculator
D2  (g/m3)

D2/D1

21 g PWA (average values) 10.0 0.031 0.026 12.4 1.2

42 g PWA (average values) 22.7 0.049 0.015 74.8 3.3

63 g PWA (average values) 42.9 0.022 0.018 53.6 1.2

Fig. 7. Absorbance A versus time in the effluent from the PAC 
filter for different mass of sorbent (values k*aM, Γ for a given 
PAC mass; see “Effect filtration through the bed containing 
PAC” section in text).
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determined (D1) as well as the average amount of organic 
pollutants (a1, in absorbance units) removed in the PAC 
filter (Table 1). 

For the average Henry’s constant Γ (Γ = 0.0128 m3/g 
PAC) in the volume system, the authors calculated a pre-
sumed average amount of organic pollutants (a2, in absor-
bance units) removed in a plug flow flocculator with PAC 
dosing. The value was calculated by multiplying Γ and a 
difference between absorbance in the influent to the filter 
and absorbance [averaged over time] in the effluent from 
the filter without PAC; additionally, the effluent value was 
reduced by absorbance in the effluent from the PAC filter, 
averaged over filtration time, too. The PAC dose (D2) re-
quired for the flocculator was calculated on the basis of 
the ratio of the difference between absorbance in the ef-
fluent from the filter without PAC (averaged over time) 
and absorbance in the effluent from the PAC filter (aver-
aged over time) and a2 (Table 1). The D2/D1 ratio indicates 
better utilization of PAC in the filter compared to the plug 
flow flocculator. 

The D2/D1 ratio of required PAC doses can be used to 
compare applications of PAC in various systems in which 

the same average effluent concentrations of pollutants 
are expected. A characteristic feature of the D2/D1 ratios 
is their strong dependence on the mass of PAC applied 
to the filter bed. The maximum value were observed for  
42 g PAC (equivalent PAC dose 22.7 g /m3) and they 
ranged ​​from 1.7 to 4.6, with the average value of 3.3  
(Table 1). In two other cases (21 g and 63 g of PAC) the 
ratios were several times smaller and their average values 
were 1.2 for the equivalent doses of 10.0 and 42.9 g of 
PAC/m3 (Table 1). On the basis of pilot scale tests we can 
conclude that the efficiency of the PAC adsorption capac-
ity in the filter can be few times higher than that observed 
during coagulation with simultaneous adsorption on PAC 
(the presently used method).

Comparative study on removal of organic 
pollutants from water with PAC 

(process modelling)

Table 2 summarizes the results of adsorption simula-
tion for different masses of PAC applied to the filter and 
the initial absorbance A0 = 2.28 m-1. The simulation results 

Filter 
work 
tme 
(h)

Absorbance in 
the influent to 
the PAC filter  

A0 (1/m)

Average  
absorbance 
in the efflu-
ent from the 
PAC filter  

A’PWA (1/m)

Removal of ora-
ganic pollutants
  (as absorbance) 

(%)

Average removal of 
organic pollutants 
in the PAC filter 
(as absorbance)
a1 (m

3/(m*g))

Average removal of organic 
substances 

in the plug flow flocculator 
with PAC

(as absorbance)                          
a2 (m

3/(m*g))
(Γ = 0.0128 m3/g PAC ,     a2 = 

Γ * A’PWA )

D2/D1 
 = 

 a1/a2

18

2.28 1.09 52 0.044 0.014 3.1

3.00 1.44 52 0.058 0.018 3.2

4.00 1.91 52 0.078 0.024 3.3

24

2.28 1.28 44 0.050 0.016 3.1

3.00 1.69 44 0.065 0.022 3.0

4.00 2.25 44 0.088 0.029 3.0

48

2.28 1.72 25 0.056 0.022 2.5

3.00 2.26 25 0.074 0.029 2.6

4.00 3.01 25 0.099 0.039 2.5

Table 2. Adsorption process in the filter with different masses of PAC.

PAC applied 
to the filter             

(g PAC)

PAC applied to the 
filter per unit volume

 (empty bed)                     
(kg PAC/m3)

Average  absorbance 
in the influent to the 

PAC filter 
 A0 (1/m)

Average  absorbance 
in the effluent from 

the PAC filter 
    A (1/m)

Avarage amount of organic pollutants 
removed in the PAC filter  

(absorbance units)
 Simulation results           

a1 (m
3/(m*g))

21 2.38 1.98 1.71 0.027

42 4.75 2.05 1.15 0.045

63 7.13 2.08 1.45 0.021

Table 3. The adsorption process in the filter with 42 g of PAC (4.75 kg PAC /m3 of an empty bed) at different influent 
absorbances; the PAC layer = 0.50 m , k * = 3.52E-3 (m/h) * (m2/g PAC), Γ = 0.0181 m3/g PAC.
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are shown in Fig. 7. Absorbance A in the effluent from 
the PAC filter (42 g) increases very slowly over time. The 
highest applied dose of PAC (63 g) does not guarantee the 
best adsorption results (Fig. 7). The average amount of or-
ganic substances (a1, in absorbance units) removed in the 
PAC filter was determined (Table 2) based on the simula-
tions. This matches the average values a1 calculated from 
the experimental results (Tab. 1). This confirms a good fit 
of the adsorption model with the test results.

Table 3 shows the simulation results for the mod-
el with the PAC mass of 42 g for different operation  
times (18, 24, and 48 hours) and different influent ab-
sorbance values ​​(2.28, 3.00, and 4.00 m-1). The aver-
age amount of organic pollutants removed in the plug 
flow flocculator (a2) was calculated from the adsorption 
isotherm, since the adsorption process is very fast  
(k*aM = 8.17916E-02 (m/h) * (m2/g PAC) and runs virtu-
ally through the equilibrium states. Changes of the efflu-
ent absorbance in time as a function of influent absorbance 
are shown in Fig. 8. The curves show that at the lower 
influent absorbances and at the same time (e.g., 24 h) the  
effluent absorbances are closer to the influent absor- 
bances, while the ratios of effluent/influent absorbances 
remain the same. This means that the PAC exhaustion 
time does not depend on the influent absorbance (organic  
pollutants in the feed) at the absorbance range of 2.28 to 
4.00 m-1.

Table 3 presents the average effluent absorbance for the 
PAC filter as well as other parameters: average amounts 
of substances removed per unit PAC mass applied to the 
filter (a1) and to the plug-flow flocculator (a2) and the 
ratio of the PAC doses (D2/D1 = a1/a2) required for PAC 
adsorption in the filter (D1) and in coagulation with PAC 
adsorption (D2). The ratios D2/D1 changed from 2.5 to 
3.3 and they decreased with higher PAC filter operation 
times. The ratios show a prevailing role of adsorption in 
the PAC filter if compared to PAC adsorption in the plug 
flow flocculator. 

Conclusions

1.	 	 The PAC filter better utilizes adsorption capacity of 
the sorbent compared to the plug flow flocculator.

2.	 	 The experiments and simulation calculations have 
shown that when removing small amounts of organic 
pollutants the PAC filter showed about three times 

greater adsorption capacity than the volume system 
with PAC dosed. 

3.	 	 There is an optimal range of the PAC mass applied 
per filter unit volume, at which maximum PAC 
adsorption efficiency is observed.

4.	 	 The mathematical models of adsorption developed 
for both volume system and PAC filter showed a very 
good fit to the measurements.

5.	 	 The equivalent doses of PAC applied to the filter 
could be even four times lower than the doses in the 
volume system required to achieve the same average 
effluent concentration of the adsorbate.

6.	 	 Overdosing of PAC does not increase the efficiency 
of PAC utilization in the filter.

7.	 	 Simulations have shown that the D2/D1 doses ratio 
increases with better efficiency of a pollutant removal 
from water. 

8.	 	 Microscopic examination showed no presence of 
the PAC particles in the filtrate coming from this 
installation.

9.	 	 The advection and diffusion model of pollutant 
transport should be integrated using the decomposition 
method to reduce the distorting effects of numerical 
diffusion on the calculated concentrations and 
adsorption quantity.

10.		 It was established that the dimensionless concentration 
C/C0 of certain substances, for absorbance A from 0 to 
about 4.0 m-1, varies approximately linearly.
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