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Humic Acids and Lignin 
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Both lignin and humic acids cause the raised colourity and turbidity of natural water and 
industrial wastewater. Electron-beam treatment reduces kinetic stability of aqueous dispersions of 
lignin and humic acids. The radiation-induced coagulation takes place because of a recharge of 
micelles, recombination and addition of macroradicals to nonsaturated macromolecules, and also 
because of mechanical capture of small molecules by a coarsen aggregates.  However coagulation 
depends on a ratio of a thickness of water layer to depth of electron beam penetration. The maximum 
coagulation takes place on depths smaller than range of the accelerated electrons. Excess negative 
charge is temporarily acting in an area of final deceleration of electrons. This uncompensated charge 
interferes with coagulation of negatively charged micelles. The high absorbed dose also interferes 
with discoloration of water because of increase in fraction of soluble products of macromolecules 
decomposition.  

Електроннолъчево третиране на вода, замърсена с хумусни киселини и лигнин (П. 
Метревели, А. Метревели, А. Паномарев).  Двете съставки - лигнин и хумусни киселини 
причиняват нарастване на оцветяването и помътняването на естествената вода и 
индустриалната отпадъчна вода. Електроннолъчевото облъчване намалява кинетичната 
стабилност на водните дисперсии на лигнин и хумусни киселини. Индуцираната от 
радиацията коагулация започва поради презареждането с мицели, рекомбинация и добавяне на 
макрорадикали към ненаситените макромолекули, а също поради механично захващане на 
малки молекули от големи груби агрегати. Обаче коагулацията зависи от отношението на 
дебелината на водния слой и дълбочината на електронното проникване. Максимална 
коагулация има място при дебелини по-малки от пробега на ускорените електрони. Излишния 
негативен заряд е временно действащ в областта на крайното забавяне на електроните. Този 
некомпенсиран заряд взаимодейства с коагулацията на отрицателно заредените мицели. 
Големи дози на адсорбция също взаимодействат с обезцветяването на водата, защото 
нараства частта на разтворими продукти при макромолекулната декомпозиция. 

 

Introduction 
Colloidal solutions and coarse suspensions are 

radiation-sensitive. The phenomenon is of interest of 
electron-beam technologies for purification of natural 
water and industrial wastewater contaminated by 
dispersed organic compounds [1, 2]. In many cases 
superficial water has increased color and turbidity due 
to humic compounds and lignin, which is rather 
characteristic of river and lake water of northern 
regions of Russia [3], as well as of other surface 
waters [4]. The compounds often come with water 
from environing bogs or are dispersed from wood 
bottom sediment formed as a result of timber rafting, 
additional contamination results from activity of paper 
mills and other industrial enterprises. Conventional 

water treatment based on continuous-flow filtering 
and chlorination does not often remove the color 
caused by ultra-dispersed phytogenous matter, one of 
results of which is deposit formation on inner surface 
of water pipeline systems. 

Since electron accelerators are proposed to be the 
most actual sources of ionizing radiation in water 
treatment technologies, in the present work an attempt 
has been made to estimate specific action of electron 
irradiation on stability of aqueous dispersions of 
humic acids (HA) and lignin. Special attention was 
paid to influence of irradiation conditions on the 
process of natural organic matter coagulation, namely, 
to the effect of relationship between effective 
penetration of incident electrons and thickness of 
irradiated matter layer.  
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Experimental 
There were studied aqueous solutions of pine 

lignin (commercial preparation “Polyphepan” by 
“Scientech” company) and of humic acids mixture (by 
“ACROS” company). The solutions were prepared by 
adding appropriate amount of powdered substance to 
distilled water and mixing. Colloid solutions (or 
dispersions) of HA (10–50 mg/L) and lignin (50–325 
mg/L), prepared in such a way, were kinetically stable 
during more than 2 days. For that time optical spectra 
of the solutions, representing broad unstructured 
bands in the region of 200–900 nm (Fig. 1), remained 
unchangeable. 

Two types of accelerated electrons sources were 
used in the experiments. Horizontal beam of 8MeV 
electrons from linear accelerator UELV-10-10T was 
used for irradiation in mode I. Range of such electrons 
in water is about 40 mm [1]. The samples were 
exposed to irradiation in open vials with irradiation 
width 15 mm. Under those irradiation conditions the 
samples were irradiated uniformly, and incident 
electrons left the samples. In irradiation mode II the 
transformer type pulsed accelerator URT-1 was used 
which generated vertical beam of electrons with 
continuous energy spectrum in the region of 0.2–0.7 
MeV, ~90% of the electron’s energy being 
concentrated at 0.5–0.7 MeV. Range of electrons of 
such energies in water does not exceed 3 mm. Used in 
the experiments 3mm layer of aqueous solution 
completely absorbed all the incident electrons. All the 
solutions were irradiated in the presence of air. 
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Fig. 1. Apparent optical absorption spectra of solutions 
11 mg/L HA (1, 3) and 63 mg/L lignin (2, 4): 1, 2 – initial 
solutions; 3, 4 – solutions irradiated at 30 kGy in mode I. 

Dosimetric measurements were carried out with 
the help of film dosimeter based on copolymer with 
phenazine dye. UV-Vis spectrophotometer “Cary-
100” was used for optical measurements. Apparent 

absorption curves in Figs show both real light 
absorption and scattering. Quantitative determination 
of color of the solutions (in color degrees) was carried 
out by colorimetric analysis in a similar manner as 
described elsewhere [5]. 

Results and discussion 

Irradiation in mode I 

Irradiation of the solutions results in notable 
changes in their spectra. Maximal increase in optical 
transmittance of HA solutions under irradiation in 
mode I takes place at rather low absorbed doses (D). 
Thus, the most noticeable transmittance change for the 
solutions with concentration ≤ 50 mg/L (initial color 
383 degrees) is observed at D ≈ 5–15 kGy. The 
highest discoloration quotient was estimated to be 
equal to 25 degree/kGy. Optical transmission upon 
irradiation increases in the entire region from 200 to 
900 nm (see Fig. 1), being, mainly, the result of 
coagulation. Thereby, settling takes place. 
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Fig. 2. Effect of absorbed dose on apparent optical 

absorption of 11 mg/L HA solution at 380 nm (1, 2) and 
205 nm (1', 2') under irradiation in mode I (1, 1') and in 

mode II (2, 2'). 

Effect of absorbed dose on discoloration depends 
on initial HA concentration. E.g., for solution 11 mg/L 
(initial color 85 degree) slow increase in optical 
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transmission is observed up to D ≈ 60 kGy (Fig. 2, 
curves 1, 1′). In the dose region 60 ≤ D ≤ 90 kGy 
changes in visible part of optical spectrum are 
comparatively small. However, increase in absorbed 
dose is accompanied by the rise of optical absorption 
at λ ≤ 240 nm which is due to appearance of soluble 
products of HA fragmentation (curve 1′). For HA 
solution with concentration 50 mg/L, color rising 
begins at absorbed dose D ≥ 30 kGy. 

Similar coagulation processes are observed also in 
lignin solutions. However, these solutions appeared to 
be more stable to irradiation. For 63 mg/L lignin 
solution (initial color ~50 degrees) in the region of 
absorbed dose from 15 up to 90 kGy optical 
transmission at 380 nm remains practically unchanged 
(Fig. 3). Transmission in the UV region at doses 
higher than 45 kGy decreases with increasing the 
dose. Increase in transmission in the entire studied 
spectral region takes place also upon irradiation of 
lignin solutions with as high concentration as 325 
mg/L (initial color ~265 degrees). At rather low 
absorbed dose (~10 kGy) near twofold reduction of 
the color is observed, initial discoloration quotient 
being about 13 degree/kGy. Irradiation at higher dose 
does not produce any appreciable spectral changes. 

Irradiation of combined samples containing both 
lignin (65 mg/L) and HA (11 mg/L) results in spectral 
changes which are close to those for individual 
solutions. However, initial optical transmission of 
combined solution in the region of 200–900 nm is 
some higher than the sum of individual solutions 
transmissions (Fig. 4) which may be mainly due to 
formation of complex micelles of lignin and HA. At D 
≤ 30 kGy a monotone rise of transmission in visible 
and UV region is observed. At higher doses (≥ 60 
kGy) smoothed decrease in transmission takes place, 
like in individual HA solution. Initial discoloration 
quotient (at D < 10 kGy) is equal to about 14 
degree/kGy, which is close to computed value based 
on the sum of the dependences for individual 
solutions. At D ≥ 10 kGy experimental and computed 
dependences of color on dose become differ. Dose 
effect on color of combined solution is weaker and 
maximal discoloration level is stabilized at 40% of 
initial value, being independent of dose from 30 up to 
80 kGy.  Possible reason for deteriorating the 
coagulation in combined solution may be a mixed 
type of micelles – a part of such micelles enriched 
with lignin possess higher radiation stability which 
makes coagulation worse. 

Irradiation in mode II  

Under irradiation in mode II effect of absorbed 

dose on optical spectrum is diminished for both HA 
and lignin solutions. For example, at D=40 kGy 
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Fig. 3. Effect of absorbed dose on apparent optical 

absorption of 63 mg/L lignin solution at 380 nm (1, 2) and 
205 nm (1', 2') under irradiation in mode I (1, 1') and in 

mode II (2, 2'). 
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Fig. 4. Effect of absorbed dose on apparent optical 
absorption at 380 nm in combined solution containing 11 
mg/L of HA  and 63 mg/L of lignin under irradiation in 
mode I (1, 3) and in mode II (2, 4). Curves 2 and 4 – 

summarized dependencies computed from data presented in 
Fig. 2 and 3. 
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residual absorption at 380 nm in HA solution is 
almost three times higher than that in the solution 
irradiated in mode I (Fig. 2). In UV region an increase 
in optical transmission takes place only at D ≤ 15 
kGy, and at D ≥ 30 kGy the transmission becomes 
lower than initial one. In the solutions of lignin 
irradiation in mode II changes the dose effect (in 
relation to irradiation in mode I) to opposite one, i.e., 
even at low doses decrease in optical transmission is 
observed instead of increase (Fig. 3). Irradiation of 
combined solution at D ≤ 40 kGy results in rise of 
optical transmission in a visible region (Fig. 4) and its 
reduction in UV region, which is characteristic of 
lignin solution. Curve of color vs. dose in the case is 
practically parallel to computed curve i.e. in 
accordance with additivity principle. Initial 
discoloration quotient (about 5 degree/kGy) is three 
times lower than that for combined solution irradiated 
in mode I. 

Discussion 
The stability of the solutions is due, mainly, to 

strong interaction of dispersed particles with water 
[6]. The particles acquire, apparently, properties of 
micelles in which a nucleus and peripheral shell 
possess equal charge of opposite sign (let symbolize a 
micelle as M−n, where superscript denotes effective 
charge of the shell). Surface charge of micelles 
because of the reciprocal repulsion determines 
stability of dispersed systems. Both lignin and HA are 
present in the water, very likely, in the form of 
negative micelles. Spectra of the solutions (Fig. 1) are 
caused mainly by light scattering on the particles.  

Radiation induced transformations in such diluted 
solutions as the systems under study are caused by 
indirect action of radiation. Primary radiolysis 
products are formed by ionization and excitation of 
water molecules. Among the products there are 
principal radical intermediates: hydrated electrons 
(eaq), H-atoms, and OH-radicals, as well as excess ions 
H+ and OH–. Radical intermediates (eaq, H and OH) 
are extremely reactive to unsaturated organic 
compounds, however in aerated solutions eaq and H 
are being converted by reaction with dissolved oxygen 
to correspondingly O2

− and HO2 radicals which 
possess much lower reactivity. Interaction of radicals 
and ions with micelles initiates various radiation 
chemical transformations in the system under 
irradiation, in particular – coagulation. One of the 
probable reasons for coagulation may be recharging 
the micelles by interaction with short-lived products 
of water radiolysis. Negatively charged micelles 
preferably interact with positively charged or 

uncharged intermediates, participating, for example, 
in reactions of protonation by H+ ions or electron 
transfer to OH and HO2 radical: 

(1) M−n + H+  → M−(n-1) 

(2) M−n + OH  → M−(n-1) + OH– 

(3) M−n + HO2  → M−(n-1) + HO2
− 

Appearing misbalance in charges of nucleus and 
outer shell of micelle can promote consecutive 
combination with other micelles: 

(4) mM−n + M−(n-1)  → Mm+1
−(m+n-1) 

and, finally, formation of large aggregates settling 
down from the solution. 

Another way to coagulation is the micelles 
bonding by a process of macro-radical addition to 
neighboring micelle, the process being facilitated by 
availability of double bonds (especially, in aromatic 
structures). Macro-radicals are formed, 
predominantly, in micelles reactions with OH radicals. 
Such poly-aromatic radicals possess rather long 
lifetime due to bulky and complicated structure which 
makes steric hindrances in the reactions of radical 
recombination. Coagulation of micelles by that 
mechanism is determined by the process of 
comparatively slow recombination of macro-radicals 
which realizes in observed short-term post-irradiation 
effect (up to 30 min).  Radiation-induced 
polycondensation may be due, as well, to interaction 
of hydroxyl and carbonyl derivatives. 

Thus, the process of micelles coagulation under 
irradiation may be caused by two main factors: (1) just 
a recharging the outer shell of micelles by interaction 
with ionic intermediates or by electron transfer 
reactions and (2) radiation-induced condensation via 
radical reactions. Significant difference in efficiencies 
of electron-beam action on the systems under study at 
two different modes of irradiation indicates that the 
first factor, i.e., micelles recharging, plays the 
dominant role in the case. This conclusion follows 
from the consideration that radiation chemical 
processes initiated by products of ionization and 
excitation of water molecules should not notably 
differ under irradiation in mode I and in mode II, 
because dose rates (and, consequently, stationary 
concentrations of intermediates) in both modes were 
similar, and ionization densities in water produced by 
electrons with energy 8 and 0.7 MeV differ 
insignificantly, linear energy transfer being equal 
correspondingly to 0.10 and 0.12 eV/nm. The most 
distinguishing feature of irradiation by low energy 
electrons, under condition of their complete 
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absorption in irradiated medium (mode II), consists in 
accumulation of uncompensated charge due to 
incident electrons. 

These electrons after dissipation of their energy in 
the processes of ionization (thereby, equal quantities 
of oppositely charged particles arise) and excitation 
are finally thermalized and localized in aqueous 
medium giving rise to formation of eaq, which carry 
excess negative charge. Fraction of eaq formed by 
deceleration of incident electrons is low relative to eaq 
formed by ionization (for 0.7 MeV electrons it is 
about 0.05%). However, while eaq themselves have 
very short lifetime because of high reactivity, 
additional charge can be eliminated only by diffusion 
of anions to vial walls and discharging into 
environment, which courses relatively slow. 
Therefore, stationary content of uncompensated 
negative charge during irradiation may be sufficiently 
high to have an influence on coagulation process by 
stabilizing negative micelles. The latter may serve as a 
confirmation that lignin, as well as HA, exist in water 
in the form of negative micelles, i.e., negatively 
charged groups of the compounds are oriented 
outwards. Both lignin and HA are poly-aromatic 
compounds which differ, in particular, by composition 
of lateral substituents. In macromolecules of lignin 
groups –OCH3 and –OH prevail, whereas in HA 
groups –COOH and –CH2OH are dominating [7]. 
Lower polarity of methoxyl and hydroxyl groups in 
lignin comparing to carboxyl and oxymethyl groups in 
HA makes lignin micelles less polar and more 
resistant to radiation induced coagulation. 

Conclusions 
Results of the experiments show significant effect 

of electron irradiation on stability of aqueous disperse 
systems of natural poly-phenol macromolecules. 
Predominant agglomeration, and subsequent settling, 
of dispersed particles takes place in solutions of HA 
and lignin under irradiation. Maximal result is 
achieved at absorbed dose 5–15 kGy. At the same 
time, the effect of electron-beam irradiation on kinetic 
stability of HA and lignin dispersions in water 
significantly changes depending on relationship 
between thickness of irradiated sample and electrons 
range. In the case of complete absorption of incident 
electrons in irradiated medium the efficiency of 
discoloration and coagulation processes in HA and 
lignin dispersions is minimal. The phenomenon 
discovered to a considerable degree may be attributed 
to effect of accumulating negative charge in the bulk 
of irradiated solution. The role of additional electrons 
due to the capture of incident electrons upon electron 

irradiation was never taken into account in radiation 
chemistry of liquids because of their extremely low 
amount comparing to electrons formed by ionization. 
However, accumulating negative charge caused by 
those electrons can exert a notable influence on the 
stability of dispersed systems. 
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