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A rapid growth in monolithic residential construction over recent decades has created a problem associated with am-
monia contamination inside newly constructed buildings. Absence of substantiated preventive actions aimed at minimizing
ammonia emissions hinders commissioning of new residential buildings and may create an unfavorable sanitary-
epidemiological situation with obvious olfactory-reflex and irritating effects on public health.

The aim of this study was to develop a scientifically grounded method to predict when ammonia concentrations
emitted from concrete constructions would reach their permissible levels in air inside contaminated premises in newly
constructed buildings.

Ammonia emissions were estimated based on data of laboratory tests that involved analyzing indoor air samples
taken in Saint Petersburg and the Leningrad region. Indoor air was analyzed in 4 newly constructed residential buildings
(165 premises, 57 test protocols, 893 air samples tested to identify ammonia in them). Relationships between changes in
ammonia concentrations and ventilation time were obtained by using regression analysis (regression equation, least
square method). To establish reproducibility of the results and a possibility to compare them, we tested variances for
homogeneity by using Fisher criterion. Sampled populations were compared with Student’s t-test in case the data fitted to
a normal distribution (Kolmogorov — Smirnov test, Shapiro — Wilks test). Critical significance was taken at 0.05 in all the
statistical comparisons.

We have developed a method for predicting when ammonia concentrations that occurred in indoor air inside newly
constructed buildings due to multi-day emissions from building materials would reach their permissible levels. The method
involves multi-day measurements (y, mg/m’) of ammonia concentrations sequentially in each premise inside a newly con-
structed building on any day of measurements during the time period t; building up relationships between averaged ammonia
concentrations (va, mg/m’) and a time moment t; mathematical analysis of the obtained relationships by parameterization
and statistical analysis of the obtained kinetic parameters.

Keywords: monolithic residential buildings, indoor air, ammonia, ammonia emission, mathematical modeling, build-
ing materials, concrete.
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A rapid growth in residential construction
based on using monolithic reinforced concrete
as a building material has created a problem
associated with ammonia contamination in in-
door air. This contamination is largely caused
by ammonia compounds that are contained in
raw components of concrete mixes. These
compounds are introduced with chemical
modifiers that are usually added to concrete
and concrete mixes (hardeners, antifreeze ad-
mixtures etc.) or with auxiliary components in
concrete production (grinding intensifiers).
Industrial wastes used as mineral fillers (slag
or ash) can be another source of ammonia in
indoor air [1-12].

Ammonia is a result of hydrolysis and is
generated from amides, amines and ammonia
compounds.

Studies that addressed ammonia emission
from concrete into indoor air have been ac-
complished in many countries; their results
indicate the chemical occurs in indoor air in
considerably high concentrations. Thus, Z. Bai
with colleagues (2006) established ammonia
concentrations varying between 2.30 and
5.85mg/m’ in indoor air inside newly con-
structed buildings; these concentrations oc-
curred due to use of urea-based antifreeze ad-
mixtures in concrete [8]. T. Lindgren (2010)
described a case when an elevated ammonia
concentration was detected in a newly built
office in Beijing and this was also due to anti-
freeze admixtures in concrete blocks [10].

Russian studies report similar results.
D. Fokin (2011) showed in his work that am-
monia migration from walls in a newly built
residential building made of monolithic rein-
forced concrete created indoor air contamina-
tion at a level equal to 2 mg/m’ (50 MPCav.d.).
The author pointed out that ammonia concen-
trations in indoor air were not influenced by
furniture or decoration [13].

The work [4] describes the results ob-
tained by instrumental measurements of indoor
air inside residential and public buildings that
were accomplished in Saint Petersburg and the
Leningrad region over the period between
2012 and 2018. These tests were both sched-
uled or performed as per developers’ and / or
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citizens’ claims. Ammonia was detected in
concentrations higher than MPCav.d. in 1147
samples out of 2839 (40.4 %). The established
levels were by 163 times higher than the exist-
ing hygienic standards (MPCav.d.) in some
cases. Ammonia was fixed in a concentration
lower than sensitivity of the applied chemical-
analytic method only in 1.1 % of the analyzed
samples.

Intensity of ammonia migration from
concrete into indoor air, just as any other
chemical, depends on air temperature and hu-
midity and on volumes of construction materi-
als present in a given premise [1, 3]. Z. Bai
with colleagues (2006) showed in their studies
that an increase in air temperature leads to
more intense ammonia emission and to higher
ammonia emission rates. Besides, an ammonia
concentration directly depends on ventilation
in a premise. According to the work [8], it
takes more than ten years to reach complete
ammonia emission from concrete that contains
urea-based admixtures. However, there have
been no studies so far with their focus on de-
termining a period over which ammonia con-
centrations in indoor air drop down to safe
levels regulated by hygienic standards.

Ammonia in air has been established to
produce olfactory-reflex and irritating effects
even in small and average concentrations.
High concentrations can induce acute poison-
ing. An issue related to providing safe envi-
ronment in residential buildings given ammo-
nia emissions from building materials is quite
urgent; this is confirmed by multiple com-
plaints about indoor air in residential and pub-
lic buildings made by citizens and workers to
federal and regional executive authorities
[4, 7-19].

Although the issue is truly vital, there are
still no available scientifically substantiated
methods to predict how long it will take ammo-
nia concentrations emitted from concrete con-
struction in indoor air to fall down to their per-
missible levels. This hinders commissioning of
new residential buildings [4, 12—14, 16, 20-24].

In this study, our aim was to develop a
scientifically grounded method to predict
when ammonia concentrations emitted from
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concrete constructions would reach their per-
missible levels in air inside contaminated
premises in newly constructed buildings made
of monolithic reinforced concrete.

Materials and methods. Relationships
between ammonia concentrations in indoor air
and time were built and analyzed by using
57 test protocols that described the results of
laboratory tests of indoor air in buildings in
Saint Petersburg and the Leningrad region.
The tests were performed by the Hygiene and
Epidemiology Center of Saint-Petersburg and
Leningrad region.

Air tests were performed following citi-
zens’ complaints about unpleasant smells as well
as within production control of buildings that
were to be commissioned. Overall, 893 air sam-
ples were taken in 165 premises to identify am-
monia in them and 285 tests were performed.

Sampling was accomplished with electri-
cal aspirators OP-824 TZ in accordance with
the State Standard GOST R 57256-2016'. The
process involved three sequential measure-
ments of ammonia concentrations in air
8 hours after 15 minutes of cross ventilation
with fully opened windows done once a day
for 20 minutes.

Ammonia mass concentrations were
measured as per a procedure based on “catching
ammonia in air with an acid solution and its
photometric detection as per indophenol...””.

The research objects were four apartment
houses (hereinafter called objects) with their

load-bearing walls made of monolithic con-
crete. All four objects had natural ventilation
that provided intense airing inside them. Air
was tested to identify ammonia in it in all four
objects. The tests in objects No. 1 and 2 were
performed prior to their commissioning; in ob-
jects No. 3 and 4, after the commissioning.
The objects were at different stages regarding
completion of decoration works inside them.

There was no interior decoration inside
the objects No. 1 and 2. Floors and ceilings
were made of concrete slabs; walls were made
of concrete and foam concrete blocks. Prem-
ises inside the objects No. 3 and 4 had finished
interior decoration and 6 premises already had
some furniture.

Air sampling was made considering preli-
minary identification of microclimate indica-
tors that conformed to the established sanitary-
epidemiological requirements. It was done to
eliminate any influences exerted by environ-
mental factors that would facilitate ammonia
emission from concrete.

Mathematical analysis and parameteriza-
tion were accomplished by using the least
square method (non-linear regression) as per
the equation (1); Statistica 10 software pack-
age was used in the process’. That is, we de-
termined average values of the basic kinetic
parameters A4,,, B, and C,, for all the relation-
ships established for all the objects:

Yalt) = Aay exp (—Bay - £) + Cor (1)

' GOST P 57256-2016. Indoor air. Sampling strategy for ammonia (approved and validated by the Order of the Federal
Technical Regulation and Metrology Agency issued on November 10, 2016 No. 1664-st). KonsultantPlus: electronic fund for
legal and regulatory documents. Available at: https://docs.cntd.ru/document/1200141431 (May 22, 2022) (in Russian).

ZRD 52.04.186-89. Rukovodstvo po kontrolyu zagryazneniya atmosfery (utv. Zamestitelem predsedatelya Goskom-

gidrometa SSSR 01.06.1989, Glavnym gosudarstvennym sanitarnym vrachom SSSR 16.05.1989); red. ot 11.02.2016, s izm. ot
03.07.2020 [Guide 52.04.186-89. Guide on control of ambient air pollution (approved by the deputy to the Head of the USSR
Gosgidrokomitet on June 01, 1989, the USSR Chief Sanitary Inspector on May 16, 1989); last edited on February 11, 2016, last
amended on July 03, 2020]. KonsultantPlus: electronic fund for legal and regulatory documents. Available at: https://
docs.cntd.ru/document/1200036406 (May 22, 2022) (in Russian).

3 Borovikov V.P. Populyarnoe vvedenie v sovremennyi analiz dannykh v sisteme STATISTICA: uch. posobie [Popular
introduction into up-to-date data analysis with STATISTICA: manual]. Moscow, Goryachaya liniya — Telekom, 2013, 288 p.
(in Russian); Less W.R., Eckhardt S., Kettner M. Prakticheskoe rukovodstvo dlya laboratorii. Spetsial'nye metody [Practical
guide for laboratories. Special procedures]. In: translation from German; I.G. Zenkevich, N.A. Shurduba, [.V. Boldyrev eds. St.
Petersburg, Professia, 2011, 472 p. (in Russian); Duerffel K. Statistika v analiticheskoi khimii [Statistics in analytical chemis-
try]. In: L.N. Petrova translation from German; Yu.P. Adler ed. Moscow, Mir, 1994, 268 p. (in Russian); Trukhacheva N.V.
Matematicheskaya statistika v mediko-biologicheskikh issledovaniyakh s primeneniem paketa Statistica [Mathematical statis-
tics in biomedical research using Statistica software package]. Moscow, GEOTAR-Media, 2013, 384 p. (in Russian);
Yunkerov V.I., Grigor'ev S.G., Rezvantsev M.V. Matematiko-statisticheskaya obrabotka dannykh meditsinskikh issledovanii
[Mathematical and statistical analysis of data obtained by medical research]. St. Petersburg, VMedA, 2011, 318 p. (in Russian).
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where y,, (¢) is the exponential relationship be-
tween a decline in ammonia concentration y,,,
in indoor air in residential premises and time #;

A,y 1s the average value of the total chan-
ge in ammonia concentration y,, over the
whole analyzed time #, mg/m’, the parameter
identified by the graph analysis;

B, is the average value of the decline rate
constant for ammonia concentration y,, in in-
door air in residential premises, the parameter
identified by the graph analysis and associated
with the essence of the migration process,
ammonia emission from concrete materials
and a material itself, day'l;

C, 1s the average value of the minimal
residual ammonia concentration in indoor air
at the end of the experimental period, mg/m’,
the parameter identified by the graph analysis.

The formula (1) establishes the exponen-
tial relationship between a decline in ammonia
concentration y,, in indoor air in residential
premises and a time ¢; that is, it describes am-
monia emission from building materials over
time. The equation (1) with average values of
the basic parameters A4,, B, and C,, calcu-
lated with the least square method describes a
parameterized approximated curve. This curve
goes through all the experimental points in the
graph in the best way.

We calculated expanded uncertainty (in-
accuracy) U(T) of the value T (in days) for a
given object as per the formula (2) at p <0.05:

(o2
u(r) = TTH ’ tP:0495;f:n—l > (2)

where the standard deviation o7 was calculated
by summing all the standard uncertainties con-
sidering three contributions made by the stan-
dard deviations o4, o and o¢ of all three ki-
netic parameters A,,, B, and C,, calculated
within the analysis, the very value 7 depending
on them:

€)
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where C” is the selected standard concentra-
tion, for example, equal to MPCav.d.; the de-
clining extrapolated curve crosses with it at the
time moment 7.

Results and discussion. Average initial
ammonia concentrations Cy (mg/m3) in indoor
air were considerably higher than its MPCav.d.
in premises inside all the analyzed objects; that
is, Cp/ MPCav.d. ratio was within a range be-
tween 3.55 to 30.4 in different premises.

Ammonia concentrations were measured
in indoor air in all four objects within a multi-
day study; as a result, we observed a mono-
tonically decreasing relationship between an
ammonia concentration and time, which is
shown as a descending curve on the graph.

The Figure provides an example of a typi-
cal curve describing a relationship between an
ammonia concentration y,, in indoor air and a
time ¢ for the object No. 1 (each point repre-
sent an average value out of three or six am-
monia concentrations y in air inside each
premise).

20 40 60 80
t, days

. . 3
Ammonia concentration, C, , mg/

0.00L '
0 100

Figure. A relationship between an ammonia
concentration in indoor air in residential premises
inside the object No. 1 and time (all the measures

were performed under identical conditions)

For the object No. 1, as well as for all the
other analyzed objects, the created graphic rela-
tionships between average values y,, of ammo-
nia concentrations (in mg/m’) and an emission
time ¢ are exponential curves that asymptoti-
cally tend to the average minimal concentration
Ca. All the relationships satisfy the equa-
tion (1). Therefore, the analysis made it possi-
ble to take the exponential relationship between
a decline in an ammonia concentration y,, in
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Table
Time moments when ammonia concentrations reached their permissible levels at the objects
No. 1-4
Average initial Average 1n1.t1a1 Total change in| Observed change Residual A time moment
The analyzed . concentration . . when MPCav.d.
object concer};tra‘uon,3 to MPCav.d. cor:kcentratlg)n rate* consta_llnt concengatlon 5| wasreached
(AJ"C) 5 mg/m ratio A P mg/m B » days Cav +4C ’ mg/m T*’ days
1 0.144 +£0.023 3.6 0.138£0.02 | 0.02209 +0.00742 | 0.0065 +0.0121 64+112
2 0.145+0.01 3.55 0.122 +£0.008 |0.02419 +0.00483 | 0.0228 + 0.00513 81.2+8.7
3 0.163 £ 0.01 3.98 0.145 £0.005 [0.01947 £0.00891]0.01784 + 0.0084 | 96.4 £28.6
4 1.24 +£0.141 30.4 1.215+0.134 {0.01736 +0.00463 | 0.02475 +0.0451 | 252.2 + 88.3

indoor air inside premises and a time ¢ as a
physical law that describes ammonia emission
from building materials and is mathematically
given with the equation (1). In future this law
can be applied to analyze and parameterize all
the experimentally obtained points in graphic
relationships.

The Table above provides all the calcu-
lated average values of the basic kinetic pa-
rameters A, B, and C,, for all the relation-
ships established for all the analyzed objects
and their uncertainties (inaccuracies).

As an ammonia concentration y,, in in-
door air changes, at a certain time moment ¢,
which is equal to 7, it can reach any target
permissible ammonia concentration C* in in-
door air, including the established maximum
permissible level (MPL) C* for ammonia
equal to 0.04 mg/m’. We can assume a time
moment 7 when the kinetic curves reach any
permissible ammonia concentration C* relying
on values of the kinetic parameters 4,,, B,, and
C,y in the equation (1). In particular, this level
can be equal to MPC established for ammonia,

emitted from building materials into indoor air
inside a new building is reached, starting from
the first day of measuring ammonia concentra-
tions, days;

B,y 1s the average value of the decline rate
constant for ammonia concentration y,, in in-
door air in residential premises, the parameter
identified by the graph analysis and associated
with the essence of the migration process,
ammonia emission form concrete materials
and the material itself, days™;

C* is the established permissible ammo-
nia concentration, mg/m3, for example, MPC;

C, 1s the average value of the minimal
residual ammonia concentration in indoor air
at the end of the experimental period, mg/m’,
the parameter identified by the graph analysis.

A, is the average value of the total
change in ammonia concentration y,, over the
whole analyzed time 7, mg/m’, the parameter
identified by the graph analysis.

We determined the time 7 for each object
as per the equation (4) as follows:

1) The object No. 1:

. . 3
We determined a time moment 7 when =~ 0.02209 In 0.13759 =64 days;
the kinetic curves reach MPC for ammonia o '
equal to 0.04 mg/m’ for each object as per the 2) The object No. 2:
equation (4) using numerical values of the 3 1 | 0.04-0.02281| 812 davs:
parameters 4,,, B,, and C,, in the equation (1) T 0.02419 n 0.12251 | ays;
of the experlmental' rel.atlonshlps established 3) The object No. 3:
for each analyzed object:
| |C* L o | 1n|0.04—0.01784|:96‘4 days:
T=——.In av 0.01947 0.14479 |
3, "4, | @ et No. 4
av av 4) The ObJeCt No. 4:
where T is a predicted time moment when a 1 10.04—0.02475|
.. . . T=- In =252.2 days.
permissible concentration C* of ammonia 001736 | 1215 |
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The values T calculated with the equation
(4) and their inaccuracies calculated as per the
formula (2) for all the analyzed objects are
given in the Table.

We established that in case the initial
conditions are the same (average initial am-
monia concentrations in indoor air are almost
identical and do not exceed 4 MPCav.d.)
a time period up to 125 days (according to the
upper confidence limit) ensures that an ammo-
nia concentration falls below MPCav.d. in
premises without interior decoration (the ob-
jects No. 1 and 2) as well as in variable prem-
ises with decoration and furniture (the object
No. 3).

High values of the time period 7 that is
necessary for ammonia concentrations to reach
MPCav.d (8-11 months) at the object No. 4
are due to the initial ammonia concentrations
(4 + C) that were substantially higher than at
three other objects (more than 30 MPCav.d.).

Following the research, the invention No.
2760762 was patented in the RF as “The
method for predicting a time moment when
concentrations of ammonia that occur in in-
door air inside newly constructed buildings
due to multi-day emissions from emitted from
building materials will reach their permissible
level™.

Conclusions. Therefore, we established
that an exponential equation should be used

to describe ammonia emission from building
materials into indoor air inside newly con-
structed buildings associated with time of
ventilation. The suggested method for pre-
dicting how ammonia concentrations will de-
cline in new premises has been developed us-
ing mathematical procedures and provided
with statistical substantiation. This makes it
possible to use it to analyze any experimen-
tally established relationship to estimate am-
monia emission from building materials into
indoor air.

The identified quantitative kinetic pa-
rameters of the equation for approximated
curves give an opportunity to calculate ammo-
nia emission rate and a time period over which
ammonia concentrations will fall down to their
permissible levels (MPC).

The suggested method for predicting a
time moment when ammonia concentrations
fall down to their permissible levels makes it
possible to effectively control safety of indoor
air and to establish when residential and pub-
lic buildings should be commissioned pro-
vided that they do not pose any health harms
for people.

Funding. The research was not granted any
financial support.
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