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Features of process of an adsorption at sewage treatment are considered. Features of accounting of sorption properties of sorption 
materials are analyzed. The simulation of the dynamics of adsorption in a fixed layer of the sorbent – activated carbon based on the 
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Statement of a problem. At modern rates of devel-
opment of industrial production there is more and more 
relevant a problem of cleaning superficial and sewage. 
One of the highly toxic pollutants getting to reservoirs 
and waterways with sewage of the chemical and pet-
rochemical companies is phenol (maximum allowable 
concentration is 0.001 mg/dm3). Dumping the phenol 
wastewater in reservoirs and waterways sharply wors-
ens their general sanitary state, having negative impact 
on live organisms, not only the high toxicity, but also a 
significant change in the mode of consumption of bioge-
nous elements and the dissolved gases (О2, СО2).

The most effective method of sewage treatment from 
phenol, is adsorption of the last by means of activated 
carbon, but a shortcoming is the high cost and need of 
regeneration.

On the basis of considered, the special relevance 
is acquired by the works directed to receiving and a 
research of adsorptive properties of cheap and available 
materials on the basis of waste of natural origin, produc-
tions for purification of phenol wastewater.

Analysis of the last researches and publications. 
In this direction there is a number of publications of 

domestic and foreign authors, however information on 
a research of sorption properties of the sorbents of plant 
origin widespread in Ukraine in literature are absent.

In work [1] process of adsorption of phenol at sew-
age treatment of the pharmatsevtichny enterprise is 
described. As adsorbent usually use activated carbon. 
The optimum size of particles of adsorbent is 1.5–5 mm. 
If more fine grains, then liquid filtration resistance 
increases. The filtering speed depends on concentration 
of the dissolved substances and fluctuates from 2–4 up 
to 5–6 m3/h through 1 m2 of cross section of a column. 
Water in a column moves from below up, filling all its 
section. To avoid adsorbent clogging waste water should 
not contain the solid weighed impurity.

As a sorbent the slime formed at a stage of the chem-
ical water purification (CWP) at the pharmaceutical 
enterprise as a result of processes of coagulation and lime 
application was used. The dried-up slime has humidity 
of 3%, rather uniform in particle size distribution, has 
high porosity that is especially important when using its 
sorption properties in the filtration mode. The low cost 
of CWP slime, availability allow to exclude its regenera-
tion. At the same time its utilization by burning together 
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with auxiliary fuel of the station is obviously possible.
Therefore extent of cleaning is necessary it is reached 

with the minimum expenses, and utilization by burning 
allows to receive additional amount of heat for needs of 
the enterprise.

The sorbent layer which is filled up in the industrial 
device which is a system with difficult character. As the 
main advantages of adsorptive installations  – simplic-
ity of instrumentation and depth of cleaning, they have 
to provide implementation of various requirements of a 
chemical engineering for effective implementation of 
process in this connection broad application is found by 
methods of mathematical modeling. Types of mathemat-
ical models are defined by specific conditions of imple-
mentation of process in the chosen equipment [2].

In work [3] process of isothermal equilibrium adsorp-
tion in dynamic conditions when filtering waste water 
through an adsorbent layer is considered.

The purpose of modeling is definition of optimal 
conditions of course of process, management of it on 
the basis of a mathematical model and transfer of results 
on an object. The full mathematical model includes 
the description of communications between the main 
variables of process in the set modes (static model) 
and in  time upon transition from one mode to another 
(dynamic model).

Statement of the basic to materials. The solution 
of this model consists in the choice of the correspond-
ing equations for the description of an operating mode, 
check of restrictions for input and output parameters, 
calculations of criterion function. To varied input param-
eters the particle size distribution of slime, filter-bed 
height belong. Non-variable input parameters of process 
are the adsorptive slurry tank, quality of initial water, the 
set productivity and extent of cleaning.

As regeneration in this technological process is not 
provided, the solution of mathematical model consists in 
selection of the corresponding equations for the descrip-
tion of an operating mode. According to duration full the 
cycle filter in the adsorber will coincide with adsorption 
time τ [4].

τ =
G(y2 − y1)

ω0Sρc.в(С1 − С2) 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝑤𝑤

𝜕𝜕с
𝜕𝜕ℎ + 𝜀𝜀

𝜕𝜕с
𝜕𝜕𝜕𝜕 − 𝐷𝐷∗ 𝜕𝜕

2с
𝜕𝜕ℎ2 = 0 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 𝛽𝛽𝑖𝑖(𝑐𝑐 − 𝑐𝑐∗) 

𝜏𝜏 = 0; 0 ≤ ℎ ≤ 𝐿𝐿;𝑎𝑎 = 0;  𝑇𝑇 = 𝑇𝑇0 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.

𝜏𝜏 > 0; 𝑐𝑐 = 𝑐𝑐0 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐;𝑎𝑎 = 𝑎𝑎(𝜏𝜏);𝑇𝑇 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.

𝑎𝑎 = 𝑓𝑓(𝑐𝑐) 

𝛽𝛽𝑖𝑖 =
𝑎𝑎𝑖𝑖+1 − 𝑎𝑎𝑖𝑖  
𝐶𝐶𝑖𝑖+1 − 𝐶𝐶𝑖𝑖

10−3

𝜏𝜏𝑖𝑖
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where ω0 – the fictitious speed of waste water, m/s; 
S  – cross-sectional area of the adsorber, m2; ρс. cen-
tury – density of waste water, kg/m3; C1 and C2 – concen-
tration of the absorbed phenols in waste water, mg/dm3;  
G – the mass of slime in a filter-bed.

On experimental data it is possible to receive the 
value of quantity of G adsorbed in time τ impurity G 
(τ) or speed of adsorption of dG/dτ, calculated by the 
equation (1).

The description of dynamics of adsorption is carried 
out usually taking into account only one or two kinetic 
parameters: effective longitudinal diffusion, a mass 
transfer from a liquid stream to granules of adsorbent, 
diffusion in adsorbent granules. Calculation of mathe-

matical model taking into account all specified kinetic 
processes is a difficult task.

For a possibility of further calculation for the equa-
tions of mathematical model of sorption cleaning in an 
explicit form we will accept well-known in such cases 
the assumption:

1. Change of density of a stream of waste water 
owing to reduction of an adsorbtiv can be neglected;

2. The movement of a stream in the filter is carried 
out in one direction with a constant speed.

3. The flow of waste water through the filter will be 
considered as a pseudo-binary mixture consisting of 
water and phenols.

4. The sorption layer is considered a continuous 
porous body with isomorphic properties.

5. Existence of one component in sewage leads 
to decrease in size of sorption of other components. 
Components with percentage less than 0.1 % are not 
considered.

In this case dynamics of adsorption is described by 
the equations of material balance of the adsorbed sub-
stance between firm and liquid phases, kinetics of pro-
cess of transfer of impurity of a liquid stream in grains of 
adsorbent and an isotherm of adsorption [4].

Let’s assume that the stream of phenolic waste water 
moves with a linear speed along an adsorbent layer, at 
first it is not filled with the adsorbed impurity. Then the 
overall material balance, describes adsorption process, 
will register in the form of the nonlinear differential 
equation in separate derivatives:
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𝜕𝜕с
𝜕𝜕𝜕𝜕 − 𝐷𝐷∗ 𝜕𝜕

2с
𝜕𝜕ℎ2 = 0 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 𝛽𝛽𝑖𝑖(𝑐𝑐 − 𝑐𝑐∗) 

𝜏𝜏 = 0; 0 ≤ ℎ ≤ 𝐿𝐿;𝑎𝑎 = 0;  𝑇𝑇 = 𝑇𝑇0 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.
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where a is the value of adsorption, g/g, c is the 
current concentration of the adsorptive in the stream,  
mg/dm3; τ – time, s; w – velocity of the fluid flow, m/s; 
h is the height of the layer of adsorbent, cm; ε is the 
porosity of the sorbent; D* is the longitudinal diffusion 
coefficient taking into account molecular diffusion and 
convective mixing along the layer, m2/s.

This equation describes balance of the adsorbed sub-
stance between firm and liquid phases. The first mem-
ber of the equation reflects the number of the pollution 
coming to the adsorptive filter, the second – the delayed 
pollution, the third – the number of pollution, there was 
in a filtrate, the fourth – longitudinal diffusion. However 
at water purification in adsorbers with a dense bed of the 
granulated sorbent longitudinal diffusion is insignificant 
and it is possible with sufficient degree of accuracy to 
describe the mode of the movement of oily waste water 
in such adsorber model of ideal replacement, and within 
a sorbent granule – model of ideal mixture.

The equation of kinetics of process of adsorption is 
written in the form of [5]:

τ =
G(y2 − y1)

ω0Sρc.в(С1 − С2) 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝑤𝑤

𝜕𝜕с
𝜕𝜕ℎ + 𝜀𝜀

𝜕𝜕с
𝜕𝜕𝜕𝜕 − 𝐷𝐷∗ 𝜕𝜕

2с
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𝜏𝜏 > 0; 𝑐𝑐 = 𝑐𝑐0 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐;𝑎𝑎 = 𝑎𝑎(𝜏𝜏);𝑇𝑇 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.
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𝐶𝐶𝑖𝑖+1 − 𝐶𝐶𝑖𝑖

10−3

𝜏𝜏𝑖𝑖
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where βi  – volume coefficient of a mass transfer, 
c-1; c*  – concentration of an adsorbtiv on an interface 
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of phases, equilibrium to the current size of adsorption, 
mg/dm3.

The differential equations of a mass exchange in a 
granular layer are solved taking into account entry and 
boundary conditions. Distribution of concentration and 
temperatures in initial timepoint [5]:

τ =
G(y2 − y1)

ω0Sρc.в(С1 − С2) 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝑤𝑤

𝜕𝜕с
𝜕𝜕ℎ + 𝜀𝜀

𝜕𝜕с
𝜕𝜕𝜕𝜕 − 𝐷𝐷∗ 𝜕𝜕

2с
𝜕𝜕ℎ2 = 0 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 𝛽𝛽𝑖𝑖(𝑐𝑐 − 𝑐𝑐∗) 

𝜏𝜏 = 0; 0 ≤ ℎ ≤ 𝐿𝐿;𝑎𝑎 = 0;  𝑇𝑇 = 𝑇𝑇0 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.

𝜏𝜏 > 0; 𝑐𝑐 = 𝑐𝑐0 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐;𝑎𝑎 = 𝑎𝑎(𝜏𝜏);𝑇𝑇 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.
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𝐶𝐶𝑖𝑖+1 − 𝐶𝐶𝑖𝑖

10−3

𝜏𝜏𝑖𝑖
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The boundary conditions for h = 0 are written as:

τ =
G(y2 − y1)

ω0Sρc.в(С1 − С2) 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝑤𝑤

𝜕𝜕с
𝜕𝜕ℎ + 𝜀𝜀

𝜕𝜕с
𝜕𝜕𝜕𝜕 − 𝐷𝐷∗ 𝜕𝜕

2с
𝜕𝜕ℎ2 = 0 
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10−3

𝜏𝜏𝑖𝑖
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Thus, during the entire process, a stream of liquid 
enters the layer at a constant concentration of the adsorp-
tive and temperature.

The adsorption isotherm is the main characteristic 
of  the adsorbent. The adsorption isotherm equation is 
written as [6]:

τ =
G(y2 − y1)

ω0Sρc.в(С1 − С2) 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝑤𝑤

𝜕𝜕с
𝜕𝜕ℎ + 𝜀𝜀

𝜕𝜕с
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.                               (4)
On height of the working layers, it is possible to 

calculate mass transfer coefficient for each timepoint  
on the following equation: 
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The coefficient of a mass transfer is influenced by 
the nature of sorbate and a sorbent, porosity of a sorbent; 
it monotonously decreases at increase in size of adsorp-
tion and the size of granules of a sorbent. The concen-
tration of impurity in water is lower, the more probably 
hit in purified water is only difficult sorbed components 
(fig. 1) [5].

From figure 1 it is visible that the smallest discrep-
ancy between experimental and reference points data are 
reached at approximation by a polynom of the 3rd order.

Thus, the mass transfer coefficient determined by the 
equation (5) βi will be a variable which instant values are 
different in different timepoints. The nature of a curve 
corresponds to literary data on studying of change of 
coefficient of a mass transfer at adsorption. The coef-

ficient of a mass transfer can be interpreted as response 
function of hydrodynamic model on the corresponding 
perturbation.

Solution of a system of differential equations (2) – 
(4) is finding of target function. When calculating a 
material balance of process of adsorption in each differ-
ential element of a layer (a grid node) of a sorbent – acti-
vated carbon taking into account kinetics of absorption 
of phenols the surface is formed of drain waters reflects 
concentration change, both in a layer, and in time.

Conclusions. Mathematical models of process of 
adsorption at wastewater treatment from phenol on the 
example of use of activated carbon are considered and 
analyzed.

In the course of performance of experiments from 
adsorption kinetics information basis allows to model 
dynamics of adsorption in a motionless layer of a sorb-
ent – activated carbon on the basis of the equations of 
material balance in separate derivatives and the subse-
quent approximation with use of the built-in functions 
of various computing programs.
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Figure 1. Mass transfer coefficient: βi – experimental curve; 
βlin_t – linear approximation; βpol_t – approximation by  

a polynom of the 3rd order
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