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BIODEGRADATION OF FORMALDEHYDE: 
KINETICS OF THE REACTION 

Laboratory tests were run to investigate the biochemical degradation of formaldehyde by 
activated sludge in a complete-mix reactor. Parameters describing the kinetics and stoichiometry of 
the reaction were determined. It has been found that in the course of the process pH drops to an 
acidic level. This acidification should be attributed to the presence of formic acid (an intermediate 
product of oxidation) as well as to the nitrification and assimilation of ammonia nitrogen. This 
undesirable phenomenon can be eliminated when nitrates are used as a nitrogen source. 

Analytical formulae were derived to enable upgrading of the process (e.g., design of a full-scale 
system for formaldehyde removal from industrial gases). 

1. INTRODUCTION 

The widespread use and production of formaldehyde and its derivatives, which 
has become a necessity at the present stage of technological development, causes 
penetration of toxic substances to the ambient environment. In the past few years the 
attention of environmental scientists and engineers has been directed to formalde-
hyde emissions [1], [2]. The admissible concentrations of air-borne formaldehyde 
are very low, because this compound is very toxic [3]. The establishment of low 
admissible levels for air pollutants does not mean that the environment is efficiently 
protected. It just indicates that the release of those pollutants into the atmosphere 
calls for appropriate control measures. One of these is biodegradation. In the course 
of the biodegradation formaldehyde is oxidized to carbon dioxide and water; this 
process is accomppanied by partial assimilation of carbon and formation of formic 
acid which is an intermediate product [4]. 

Taking into account the usefulness of biological methods when applied to the 
treatment of industrial gases [5]—[81 attempts have been made to use biological 
processes for the treatment of formaldehyde-laden air [9], [10]. 
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One of the systems in which industrial gases are treated is a biological scrubber 
involving activated sludge as the sorbing medium. In an absorber the gas stream is 
treated by direct contact with activated sludge. Suspension saturated with polluting 
substances is passed to the aeration tank, wherein the pollutants undergo biodegra-
dation which brings about self-regeneration of the  sorbent  thus becoming fit for 
reuse. The biological scrubber makes a unit system with an adequately selected small 
activated sludge treatment plant. The design of a biological scrubber for formal-
dehyde removal requires information on the kinetics of biodegradation of this 
compound. 

The available literature reports [4], [11]—[13] contain descriptions of the 
biodegradation process in question, but they do not allow generalizations which are 
required for our particular case. Keeping this in mind, the authors of this paper 
attempted to investigate and describe the phenomenon in a quantitative manner. The 
investigations were conducted under laboratory conditions in a complete-mix 
activated sludge reactor at almost constant loading. The experiments involved 
artificial wastewater samples containing formaldehyde (with no methanol addition) 
and mineral salts. 

2. APPARATUS 

The experiments were run in a glass apparatus (fig. 1). The system consisted of the 
following major parts: activated sludge tank, settling tank and aerating nozzle. The 

Fig. 1. Experimental system 
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total effective volume иotаi  amounted to 2.450 dm3, of which the volume of the 
settling tank Vo  and the volume of the activated sludge tank together with nozzle and 
pipes Vk  accounted for 0.755 dm3  and 1.695 dm3, respectively. The activated sludge 
tank was fed continuously through a peristaltic pump. Sludge concentration was 
kept alment constant by manual removal of excess biomass growth in the course of 
the experiments. An almost ideal mix in the activated sludge reactor was checked 
experimentally. 

3. MATHEMATICAL MODEL OF THE REACTOR 

Figure 2 gives the schematic diagram of the activated reactor for the biode-
gradation of organic compounds under through-flow conditions with complete mix. 

Fig. 2. Schematic diagram of a complete mix reactor 
(index R reffers to the recirculation stream) 

Thus, the substrate balance takes the form 

Q(So —S)—V•µ•х • у  =  0  
[  

where: 
µ — specific growth rate (1/d), 
Y — growth yield coefficient (g SS*/g), 
x — biomass concentration (g SS*/m3), 
So  — influent substrate concentration (g/m3), 
S — effluent substrate concentration (g/m3), 
Q — flow rate (m3/d), 
V — volume of activated sludge tank (reactor), (m3). 
The µ/Y quotient indicates the biodegradation rate for the substrate. 
From equation (1) it is obvious that 

V•x 

SS* — suspended solids. 
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Assuming the Monod model [14] for the µ versus S (k versus S) relation, 
equation may be rewritten as 

k = µm  s = (so — S) Q 
(3) Y кs+S V• x 

where: 
— maximum growth rate (1/d), 

Ks  — Michaelis constant (g/m3), 
µ,„lY = km  — maximum value of biodegradation rate for substrate. 
When investigating the biodegradation of the given organics, the problem can be 

reduced to the evaluation of the k versus S relation (eq. (3)) or, more exactly, to the 
estimation of the coefficients of microbiological kinetics, i.e., Кs  and k,„ = µ/Y. The 
growth yield coefficient Y = V dx/Q AS can be calculated from biomass increment 
and substrate decrement. The theoretical plot of the k versus S relation, as well as the 
meaning of the constants k,„ and Кs  are shown in fig. 3.  

к5  s 

Fig. 3. Graphical representation of the Monod model (3) 

To evaluate k. and Ks  we can use eq. (3) or take into account the various 
linearized transformations [15] of eq. (3). Hence, we write 

(k)  =  

( —s) 
k µ Ks+µ()'  

(k)  = У  —К$ 
 Cs) • 
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4. ANALYTICAL AND MEASURING PROCEDURES 

The control of the biodegradation process involved the determinations of influent 
formaldehyde concentration by colorimetry (chromotropic acid) [16], effluent 
formaldehyde concentration by colorimetry (para-fuchsin) [17], influent and effluent 
COD [18], SS of the biomass by gravimetry, ри. Concentrations of NO3 , NO2 and 
NH4 in influent and effluent were measured incidentally. 

5. EXPERIMENTAL PROCEDURES 

The biomass grew on the synthetic wastewater (broth, 200 gIr3; peptone, 310 
g/m3; NH4C1, 60 g/m3; MgSO4.7Н20, 2 g/m3; КН2Р04, 20 g/m3; К2НР04, 
50 g/ni3; and NaCi, 70 g/m3). Inocculation involved raw sludge from a municipal 
sewage treatment plant. In the course of the adaptation process, the retention of the 
biomass in the tank raised serious problems. The white, opalizing colour of the 
effluent indicated that sludge in coloidal form was washed out. This is likely to be 
due to the low pH value in the reactor (pH < 6). To abate the undesirable 
phenomenon, two methods were attempted. Retention time in the aeration tank was 
extended to about 24 h (at the same time the loading of the settling tank was 
reduced), and the concentrations of nutrients, especially phosphates, were increased 
to achieve a rise in the buffer capacity of the solution. Higher concentrations of 
NН4C1, MgSO4.7H2O, К12PO4  and NaCl amounted to 120, 10, 160, 400, and 
100 g/ni3, respectively. 

After having reduced the effect of acid reaction, it was possible to run the 
experiments according to the assumed model. In each experiment (which took 7 
days) the influent concentration of formaldehyde was kept constant, and so was the 
concentration of the biomass by removal of excess sludge. Even though decreased, 
the acidic effect brought about some limitations to the experimental conditions. 
Thus, experiments with increased sludge loading were successfully conducted only 
at low sludge concentration. For example, each attempt to ensure approximately 
steady state conditions at sludge concentration and sludge loading greater than 
2500 g/m3  and 0.2 g COD/g SS day, respectively, failed to be successful because of a 
rapid drop in pH and rapid washing out the biomass in colloidal form. Our attempts 
to run the process at low loading values were also a failure. Low biomass 
concentrations required low influent concentrations of formaldehyde, and these 
changed significantly in the raw wastewater tank, probably as a result of bacterial 
infection. It was within several hours (e.g., during night) that formaldehyde 
concentration and pH dropped rapidly, the drop in dichromate COD being less 
distinct. The results from this experimental series are listed in tab. 1. 

The disadvantageous phemomena observed in the course of the experiments 
made the authors attempt a partial qualitative interpretation. The effect of the 
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Biodegradation of formaldehyde in the presence of ammonium chloride as nitrogen source 
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Table 2 

Biodegradation of formaldehyde in the presence of potassium nitrate as nitrogen source 
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system acidifying may be attributed to the formation of formic acid as the 
intermediate product [4], [11]. Occasional analyses of inorganic nitrogen com-
pounds have revealed the presence of nitrate ion in the effluent. Nitrate ion is likely 
to have formed from ammonium ion via nitrification. Such an oxidation of 
ammonium ion (which comes in the form of ammonium chloride in the influent 
stream) yields nitric acid and hydrochloric acid. But it is also the assimilation of 
ammonia by the growing cells that accounts for the release of hydrochloric acid. 
Hence, these are three contributing factors which should be regarded responsible for 
the significant decrease of pH in the course of the experiment. This allowed us to 
believe that if ammonium chloride were replaced by nitrates (e.g., in the form of 
potassium nitrate) as the nitrogen source for growing cells, the process conditions for 
the biodegradation of formaldehyde would change substantially. As before, formic 
acid would be the intermediate product. The additional acidifying effect due to 
nitrification might be eliminated, and assimilation of nitrogen might increase the 
alkalinity of the system. Keeping this in mind, we decided to run a new experimental 
series involving potassium nitrate as nitrogen source. The mineral nutrients applied 
were the following: КNO3, 250 g/m3; MgSO4.7120, 10 g/т3; KН2РO4, 160 g/m3; 
K21Р04, 400 g/m3; and NaCi, 100 g/m3. The results are gathered in tab. 2. 

As shown by these data, no acidifying effect is found to occur. On the contrary, 
there is a slight increase of pH. A new distinct effect was an intensive "flocculation" 
at increased sludge loading. 

6. DISCUSSION OF RESULTS 

Making use of the experimental data sets included in tabs. 1 and 2, the 
coefficients of microbial kinetics, k,„ = µIY and Ks, were estimated. The estimation 
procedure involved the k versus S relation in a linearized form described by eqs. 
(416). As an alternative, the non-linear least-square method was used for the direct 
approximation by eq. (3) [19]. The estimation results are given in tabs. 3 and 4 for 
the systems with ammonium chloride and potassium nitrate, respectively. 

As shown by these data, each transformation of eq. (3) yields a different estimate 
of the parameters for the microbiological kinetics. In the case of NO3 , the values 
obtained had no physical meaning. There were also significant differences in the 
correlation coefficient (R) values,  wich  should be attributed to the considerable 
scattering of the experimental results in the vicinity of the values calculated when 
using model (3). When the difference between experimental values and those 
predicted by model (3) is smaller, the parameter values estimated by differet methods 
are similar. Hence, when there is a considerable scattering of results, approximation 
by the linearized formulae (416) should be avoided. Instead, the direct approxi-
mation by formula (3) using the non-linear least-square method is recommended. In 
this way, we shall be able to eliminate such situations, when the parameter values 
obtained by approximation fail to have any physical sense. 
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Fig. 4. Comparison of measured (by experiments) and calculated (in terms of eq. (8)) values of S 

Transforming eq. (3), we obtain the expression for the necessary activated sludge 
reactor volume V versus the required COD in the effluent S 

V= Q(S0—~(Ks+S)  
k,„'x•S (7) 

Equation (3) may also be solved with respect to S. We then obtain the relation 
describing the effluent COD value as a function of the parameters Q, V, x, So  and of 
the determined coefficients of microbiological kinetics k,n,  к5 :  

гг II \2 
S = 0.5[sо —кs —Qkm x+ 1 So —К3 —Qk,„x 1 +4S0К5  . 

For comparison, fig. 4 gives measured 

\\\(t

abs. 1 and 2) and calculated (eq. (8)) 
values of S. 

As shown by these plots, the agreement is satisfactory (specifically for the system 
involving NH4 as nitrogen source). Hence, the data obtained justied the utility of 
eq. (8) when applied to the design of the treatment process on a larger scale. 

The agreement for the system with NO; is much worse than that for the NH4 
system, which should be attributed to a weaker approximation of the k versus S 
relation by model (3). Hence, the design of the treatment process by making use of eq. 
(8) will be characterized by a greater error than in the case of the NH4 system. 

Let us now return to the data sets included in tabs. 1 and 2. It is easily seen that 
Y values are low and distinctly scattered. Hence we thought it would be advisable to 
take the artithmetic mean which approached 0.09 g  SS/g  COD both for the NH4 
and for the NO; system. We may, therefore, expect that the biomass growth wil' 
amount to 10% of the COD load removed. 

(8) 
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Table 3 

km  = µ„,jY and Кs  for the system with anunonium chloride 

Parameter 
According to formula 

(4) (5) (6) 

Direct ap- 
proximation 

by (3) 

k»  =  0.596 0.825 0.489 0.817 
[g  coD/g ss д] 
КS  

30 58 15 55 
[g  COD/rn3]  

Correlation 
coefficient 0.766 0.807 0.432 0.889 

R 

Table 4 

k,„ = µ„/Y, and Ks  for the system with potassium nitrate 

Parameter 
According to formula 

(4) (5) (6) 

Direct ap- 
proximation 

by (3) 

k= —0.484 —0.551 —0.104 1.06 
[g COD/g SS d] 

ks  
—85 —92 —43 50 

[g COD/m3] 

Correlation 
coefficient 0.696 0.414 0.765 0.771 

R 

7. CONCLUSIONS 

Biodegradation of formaldehyde in the activated sludge process may be equally 
efficient when using NH4 or N0 ions as the nitrogen source. The decrease in 
alkalinity, due to formic acid formation, assimilation, and nitrification of ammonia, 
brings about a pH drop in the aeration tank. This phenomenon is likely to be one of 
the major factors affecting the settleability of activated sludge. The result is the wash 
out of the biomass from the treatment system,  wich  takes place at a sludge 
loading greater than 0.54 g COD/g SS day. The application of NOi as nitrogen 
source eliminates the undersirable acidifying effect, thus making the biodegradation 
run effectively up to the sludge loading value of 0.77 g COD/g SS day. Once this 
value has been exceeded, the biomass loses its settleability and leaves the system. 
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The model proposed (eq. (8)) may be successfully applied to the design of the 
treatment process on a larger scale. The coefficients of kinetics included in the model 
may be determined by experiments similar to those described in this paper. To 
estimate these coefficients in terms of eq. (3) it is advisable to make use of the 
non-linear least-squares method. 
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BIOCHEMICZNY ROZKŁAD ALDEHYDU: KINETYKA REAKCJI 

Przedstawiono wyniki prac laboratoryjnych nad biochemicznym rozkładem formaldehydu osadem 
czynnym w reaktorze o pełnym wymieszaniu. Określono parametry kinetyki i stechiometrii przemian. 
Stwierdzono, że w procesie ma miejsce zakwaszenie środowiska. Wywołane jest to powstawaniem kwasu 
mrówkowego (produkt pośredni utleniania formaldehydu) oraz nitryfikacja i asymilacja azotu amonowe-
go. Zastosowanie azotąnów jako źródła azotu wyeliminowało to niekorzystne zjawisko. Podano formuły 
analityczne, które mogą  być  wykorzystane do projektowania procesu w większej skali (np. instalacji do 
usuwania formaldehydu z gazów odlotowych). 
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БИОХИМИЧЕСКОЕ  РАЗЛОЖЕНИЕ  АЛЬДЕГИДА: КИНЕТИKА  РЕАКЦИИ  

Представлены  результаты  лабораторных  работ  над  биоxимичecким  разложением  формальде-
гида  активным  илом  в  реакторе  полного  перемешивания. Опpеделены  параметры  кинетики  и  
cтехиометрии  пpeвращений. Было  установлено, что  в  этом  процессе  имeeт  место  ацидификация  
среды. Она  вызвана  образованием  мypавьиной  кислоты  (будущей  промежуточным  продуктом  
окисления  формaльдегида),  a  также  нитрификацией  и  ассимиляцией  аммиачного  азота. При-
менение  нитратов  в  качестве  источника  азота  исключило  это  отрицательное  явление. Даны  
аналитические  формулы, которые  можно  использовать  для  пpоектирования  процесса  в  большем  
масштабе  (напр. установки  для  удаления  формaльдегида  из  отходящих  газов). 


