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Dynamics of the reaction of ozone with humic and fulvic acids 
in lake water, and the structures of fragments of their molecules 
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The rates of  ozone absorption dnring bubbling of an ozone--oxygen mixture through a 
sample of lake water with high contents of hnmic and fulvic acids were measured. 
Three characteristic sections were distinguished on the kinetic cnrve. The corresponding 
effective rate constants of  ozone reactions with the substrate are 5.1 - 104, 1.4" 102, and 
7.6 L mol -I  s -I .  Structures of the reacting fragments and their contents in the system were 
suggested. 
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Products  o f  b iochemica l  degrada t ion  o f  plant resi- 
dues, namely ,  l m m i c  acids (HA)  and flllvic acids (FA),  
are known to be the main  c o m p o n e n t s  o f  natural  surface 
wate r ,  FA be ing  the  m a j o r  c o m p o n e n t  ( n o r m a l l y  
>80 % ) 1 - 3  H u m i c  and fillvic acids play an impor tan t  
role in natural  processes.  In par t icular ,  they  form stable 
complexes  with Co  2+, Mg 2+, Fe "+, and o ther  cat ions 
and thus t ransport  t hem for long dis tances  in the ground 
or  on the surface. 4 It is supposed  that  they  can sel-ve as 
carriers for rad ionucl ides  3,s and noble  metals.  6 

lit processes o f  water  t r ea tmen t  in which  chlor ine  is 
used for s ter i l izat ion,  h a l o m e t h a n e s  and many  o ther  
toxic c o m p o u n d s  are fo rmed  from HA and FA. Removal  
or destrnct ion of  humic  and fulvic acids prior to chlor ina-  
t ion of  water  could  lead to a decrease  in the c o n s u m p -  
t ion of  ch lor ine  and a decrease  in the  propor t ion  o f  
ha lome thanes  in the dr inking  water  leaving the water  
t r ea tment  system. 7 This  accounts  for the interest  in the 
invest igation o f  the proper t ies  and s t ructures  of  HA and 
FA. At present ,  too  little is known about  these c o m -  
pounds. A variety of  invest igat ion p rocedures  made  it 
possible to obtain extensive in fo rma t ion  conce rn ing  the 
major  c o m p o n e n t s  of  HA and FA, but at the  same t ime,  
some inconsis tencies  arose in the in te rpre ta t ion  of  the 
results, s 

One  of  the  successful approaches  to unders tanding  of  
the character is t ic  features o f  the H A  and FA structures 
is the  s tudy o f  r e a c t i o n s  p e c u l i a r  to these  c o m -  
pounds.  Par t ic ipat ion  in azo coupl ing ,  toge ther  with 
character is t ic  bands in the IR spectra indicate  the pres- 
ence of  a romat ic  rings in the molecules ;  i '9 acidic proper-  
ties of  hydroxyl  groups point  to the  presence  of  phenol  
fragments;  3 the t endency  to form salts means  that  the 
molecu les  con ta in  carboxyl ic  groups,  etc. 

Study of  the kinet ics  of  react ions  o f  H A  and FA also 
seems promising.  Structural  f ragments  o f  most  of  or-  

ganic  c o m p o u n d s  retain the i r  individual  na tures  to a 
large degree,  and the i r  pa r t i c ipa t ion  in s o m e  specif ic  
react ions as well  as charac te r i s t ic  features  o f  the  kinet ics  
of  these react ions  provide  in fo rma t ion  c o n c e r n i n g  these 
f ragments  and the i r  env i ronmen t .  II 

The  restllts o f  our  s tudy of  the dynamics  o f  the  ozone  
react ion with samples  o f  natural  water  con ta in ing  large 
proport ions  of  H A  and FA are p resen ted  below. 

Experimental 

Lake water containing large proportions of plant and peat 
degradation products was used as the object of investigation. 
The water had the following characteristics: a color index 
against the cobalt-platinum scale of 400°; a weak marsh odor; 
a chemical oxygen demand (COD) of 380 nag L-I;  a content 
of suspended particles of 1.2 mg L-I;  pH 6.6. 

Ozone was obtained by passing oxygen through an electric 
discharge area (vg = 1.67 mL s-i).  The concentrations of 
ozone at the inlet and the outlet of the reactor were measured 
by spectrophotomet~' based on the absorption at Z = 300 n m  
The dynamics of ozone reaction with organic components of 
water was studied in a unit, whose scheme is shown in Fig. 1. 
A flow of ozone-oxygen mixture was bubbled through 150-- 
500 mL of water placed in a glass bubble reactor having a 
porous disperser at the bottom and a pipe leading to an optical 
cell at the top. The concentrations of ozone at the inlet and 
the outlet of the reactor ([O310 and [O3]g ) were determined at 
Z = 300 nm. The procedure of the measurement has been 
described in more detail previously. II 

As the reaction proceeded, water samples were withdrawn 
for determining the color index and COD, based on the optical 
density at Z = 254 rim. 

Results and Discussion 

In tile initial period o f  bubbl ing an o z o n e - - o x y g e n  
mixture  through the bulk o f  the  water  s tndied,  ozone  is 
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Fig. 1. Scheme of the experimental unit used to study the dynamics of the ozone reaction with HA and FA in water: 1, cylinder 
with 02; 2, pressure regulator; 3, rotameter; 4, ozone generator; 5, reactor; 6 and 7, photoelectric cells; 8, diaphragm; 9, measuring 
cell; 10 and 11, light guides; 12, signal receiver; 13, automatic recorder. 

absorbed almost completely, which indicates that there 
are no diffusion restrictions tbr the reaction. Over subse- 
quent  t ime intervals, ozone is no longer completely 
absorbed, its amount  passing through the water gradu- 
ally increasing to its concentrat ion at the inlet of the 
reactor. The results of one of the experiments are shown 
in Fig. 2. Since each run requires a prolonged period 
(>5 h), the initial section of the plot is presented in an 
extended time scale (curves 1 and 2) with respect to the 
rest of the plot (curves 3 and 4). 

60 300 540 ~/s 

t I f I i I I I J ~ I 

20 60 100 140 180 220 ~/min 

Fig. 2. Dependence of the optical density of ozone in the gas 
phase over the reactor on the duration of the ozone reaction 
with the sample of natural water: kinetics of the saturation of 
pure water with ozone (1); [O3]g = f ( t )  dependence in an 
exlended time scale (2); [O3]g = f('¢) plot in a compressed 
time scale (3); [03] 0 = f ( r )  plot (4). k~ = 150 mL; % = 
167 ml. s-I; D is the optical density of the gas flow (D = 1 
corresponds to 8.8" 10 -4 real L -I [03]). 

The difference between the [O3] 0 and  [O3]g values at 
every instant characterizes the rate of the process (w) in 
this point 

w = m([O3] 0 - [O31g), (1) 

where (a/s -I is the specific rate at which the gas is mixed 
with the liquid: 

m = vJV~ = 1.67/150 = 1.1 • 10 -2 , 

and V x is the volume of the liquid. 
An examinat ion of the character of the [O3]g = f (T)  

plot indicates that the curve exhibits two clearly defined 
jumps,  one of which appears 30 s after the beginning of 
the reaction, and the other is exhibited 20 min after the 
beginning of the reaction. The inflections correspond to 
points where reactive fimctional groups are completely 
consumed. The surface areas over these curves, enclosed 
by the [03] 0 line above, by the [O3]g lille below, and by 
conventional lines reflecting the rate of saturation of the 
solution with ozone in the absence of organic admix- 
tures (line 1) at the right and at the left, are equivalent 
to the amounts  of the corresponding groups in the water 
under study. If we express the concentrations of these 
groups in real-equiv. (analogously to the generally used 
determination of the contents of hardness salts in wa- 
ter), calculation makes it possible to find the concentra-  
t ions  of the cor responding  fract ions I - -1I I  (in 
real-equiv, din-3): [F I] = 6" 10 -6, [F n] = 4 .5 .10  -s, 
and [F hI] = 4.13- 10 -4. 

To characterize these fractions more extensively, we 
evaluated their reactivities with respect to ozone; the 
effective rate constant (ken.) of the reaction of the par- 
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t icular  fraction with ozone served as the quanti tat ive 
measure of  its reactivity. 

The results of  our previous experiment  H as well as 
results of  o ther  authors 12 indicate that reactions of  
ozone with organic impurit ies closely obey the b imo-  
lecular kinetics. 

w = k~n-IO3h[F], (2) 

where [F] is the concentrat ion of  the corresponding 
fraction expressed in tool-equiv, of  0 3. 

By combining Eqs. (1) and (2), we obtain 

m (IO 310 - [03 ]g ) 
keff  = 

[O3]I[F] 

Here we assume that under  the condit ions of  our ex- 
periments,  equilibrium ozone concentrat ions in the solu- 
tions are achieved, i.e., 

[03] I = cc[O3]g , 

where a = 0.27 is the Henry coefficient obtained in the 
prel iminary runs; [O311 is proport ional  to the exper imen-  
tally de termined optical density (D). 

For  fraction I l i ,  the calculation yields 

kill err = 1.1.10 -2 
1.5 - 1.0 

0.27.1.0.2.75.10 -3 
= 7.6 L mol -I s - l .  

In the calculation of  keffll we took into account the 
fact that the absorption of  ozone by the system consists 
of  two parts, namely,  oxidation of  fraction 111 and 
reaction with fraction II: 

w = o~(IO310 - [O3]g) - kefflll[Fllll[O3]g, 

from which it follows that 

k~i~ "= I.l.IO-2(D0 - Dg) - 2.1.10 2-2.75-10 -3.Dg = 

0.27.3* 10 -4 - Dg 

=1.4.102 Lmol Is  - I .  

To calculate keffl , we should subtract the rates of  
ozone reactions with F I1 and F ILl from the overall rate of  
the consumpt ion  of  ozone. 

t : l l l  [~1111 b l l  117'11 
K~'/rr =m(O 0 - Og) - %11-t, J - " e f t t "  ] 

cqF 1 ]Dg 

In this case, tim contributions of  [F nl] and [F H] 
proved to be small ,  therefore to sufficient accuracy, we 
may obtain 

k~rr 1.1.10 -2.1.5 -5.1.104 Lmol -I s -I 
0.27.4.10 -5 -0.13 

The numerical  values of  the effective rate constants,  
together  with the published data on the composi t ion of  
F A  (C, 38--40;  H, 3.9--4.2;  O, 56--58 %), the i r  
molecular  weights (~300--600), and the contents of  

Table 1. Suggested structures for fractions 1, 1I, III, and IV in 
fulvic acids that correspond to the found values of the rate 
constants of the reactions 

Frac- kerf / Molar Assumed structure of 
tion /L tool -I  s -I fraction (%) the fragment 

I 5" 10 4 1.2 

11 1.4. 10 2 9.6 

III 7.6 89 

IV <0. I Not estimated 

... ./C--X 
/C~--C~. 

R _ ~  OH 

OH I 
R--CH--R; 
R--CH 2-0H 

R ~ - ( X ) i  
or --(--C H2--)n-- 

Note. X is an electronegative substituent (carbonyl, carboxyl, 
or hydroxyl). 

carboxylic (2--3 rag-equiv, per g) and carbonyl  groups 
(6.3--8.3 mg-equiv, per g)1,7,8 allow one to make some 
inferences concerning the structure of  the fragments  of  
fulvie acids. 

Funct ional  groups of  complex organic compounds  
incorporated into molecules of  various structures often 
retain their  individual features. In part icular,  this refers 
to their  reactivities with respect to ozone. An analysis of  
the array of  kinetic data 5 makes it possible to assign the 
kerr I, keff II, and kefflll values to the probable structures of  
the reactive fragments of  fulvic acids (Table 1). 

The interpretat ion of  the structures of  fractions 1 and 
II is apparent ly  sufficiently reliable, since the values of  
the effective rate constants of  their  reactions do not 
overlap with those of the reactions of  o ther  structural  
fragments of  the acids. The structure of  fraction 11I is 
somewhat more difficult to determine:  Table 1 contains  
two structures, whose presence is beyond doubt.  In 
addit ion,  the products of  the first and second steps also 
fall into the region of  the reaction of  fraction 11I, and 
this should also be taken into account in the discussion 
(by decreasing the concentrat ion of  fraction I I I  in favor 
of  fraction I1). The presence of  fraction IV is conf i rmed 
by the existence of an organic residue that  is difficult to 
oxidize (-20 %) in the system, as shown by other  
methods.  

The results of parallel studies of  FA by pyrolytic  
G C / M S  8 indicate that the 230 compounds  identif ied 
can be grouped in two classes: those containing phenoxyl  
and phenyl (mono- ,  di- ,  and tr i -)carboxyl  fragments. 
This is in good agreement with the data of  Table 1. 
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An advantage of  the study of  tile dynamics  of  ozone 
reaction with HA and FA in water is that the number  of  
procedures  affecting the acids is small. This allows one 
to hope that the pr imary structures found from this 
study are close to the natural structures of  these com-  
pounds.  
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