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INTRODUCTION
Natural organic matter (NOM) is a complex 
matrix of organic compounds present in natural 
surface water sources. Not only  it does affect the 
odor, color and taste of water but it also affects 
several processes in drinking water treatment 
(Aoustin et al., 2001). Concentrations  of NOM in 
three rivers around Tehran are reported 8.53-12.9 
mg/L (Zazouli et al., 2007a). In another study 
the hydrophobic and hydrophilic fractions were 
about 41 and 59%  (Zazouli et al., 2007b). The 
presence of natural organic matter in water has 
been identified as one of the main contributors 
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ABSTRACT
Humic substances mainly humic acids constitute the major fraction of natural organic matter in water supplies. 
They play an important role in the formation of harmful disinfection by products. Degradation of humic acids by 
means of ultraviolet radiation  and ultrasonic irradiation  processes was investigated in a laboratory-scale batch 
photoreactor equipped with an 300 W immersed-type medium-pressure mercury vapour lamp and sonoreactor 
with low frequency (42 kHz) plate type transducer at 170 W of acoustic power with emphasis on the effect of 
various parameters on degradation efficiency. Experiments were performed at humic acids initial concentrations 
varying between 2.5-10 mg/L. Oxidation of humic substances has been followed over time by measuring total 
organic carbon and UV absorbance in 254 nm and 436 nm. Initial results indicated a strong capacity of photolysis 
for degradation of humic substances. The results also showed that ultrasonic alone cannot be an efficient method 
for degradation of humic substances in comparison with UV process. The maximum degradation efficiency of 
humic substances after 90 min of irradiation, however, was only 5.7% and reached a maximum value of 9.5% 
after 300 min of irradiation. It was found that total organic carbon can be removed effectively by photolysis. It 
was also found that lower concentrations of humic substances favor the humic substances degradation. Also, the 
experimental results indicated that the kinetics of ultrasono-oxidation and photo-oxidation processes fit well by 
pseudo-first order kinetics.
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to the problems associated with the supply of 
potable drinking water (Parkinson et al., 2001). 
Humic substances (HS) are the predominant type 
of natural organic matter present in ground and 
surface waters. On the basis of their solubility in 
water and as a function of pH, humic substances 
are generally classified into humic acids (HA), 
fulvic acids (FA) and humin (Uyguner and 
Bekbolet, 2005). Humic substances cause 
formation of disinfection by products (DBPs) 
such as chloroform, bromo-dichloromethane, etc., 
which are suspected carcinogenic compounds 
(Yıldız, et al., 2008). Due to the harmful effects 
noted above, humic substances should be removed 
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from water (Yıldız, et al., 2008).
However, NOM removal in conventional 
drinking water treatment processes is quite low, 
between 10 and 50% (Jacangelo et al., 1995). 
Due to the presence of a wide variety of NOM 
and the necessity of the chemical disinfection 
process to protect the public health, many water 
utilities have to face the problem of disinfection 
by product DBPs formation.
In the past two decades, advanced oxidation 
processes (AOPs) appear more appropriate 
for treating wastewaters containing organic 
substances (Mahvi et al., 2009; Samarghandi et 
al., 2007; Maleki et al.,2005). AOPs are defined 
as the processes that involve highly reactive 
species, specifically hydroxyl radicals (oxidation 
potential= 2.8 V) in sufficient quantities to oxidize 
the majority of complex organic chemicals in 
the water effluent (Mason and Lorimer, 2002). 
Hydroxyl radicals have become the most important 
oxidants due to their high reactivity and lack of 
selectivity towards organic compounds (Maleki 
et al., 2007; Mason and Lorimer, 2002). 
Sonication is a relatively innovative AOP based 
on the use of low to medium frequency (typically 
in the range 20–1000 kHz) and high energy 
ultrasound (US) to catalyze the destruction of 
organic pollutants in waters. The chemical effects 
of ultrasound  irradiation are the result of acoustic 
cavitation which is the formation and subsequent 
collapse of micro-bubbles in a liquid (Mahvi, 
2009; Maleki et al., 2007; Mason and Lorimer, 
2002). In afew studies the efficiency of ultrasound 
has been determined in destruction of fungi  
and organic matters ( Dehghani et al., 2007a; 
Dehghani et al., 2007b). When aqueous solutions 
are exposed to ultrasound, transient cavitations 
are formed due to compression and rarefaction of 
the bulk water. The cavitations collapse locally 
producing high pressure and temperature peaks 
(500 bar, 5000 K). Under these extreme conditions 
hydroxyl radicals and hydrogen atoms are formed 
by opening the H–O bond (Maleki et al., 2007; 
Mason and Lorimer, 2002). Direct photolysis 
has been always considered as one possible 
alternative because it is possible for molecules of 
most organic compounds to transform, to cleave 
bonds, and even to undergo complete destruction 
in the presence of ultraviolet (UV) irradiation 

(Mahvi et al., 2007). In addition, UV irradiation 
causes dissociation of the water molecule and 
formation of highly reactive hydroxyl radicals 
that attack and destroy the organic pollutants (Han 
et al., 2004). Some research has been conducted 
to assess the sonochemical and photochemical 
destruction of humic substances in water. Chemat 
et al. reported 90% sonodegradation of natural 
and synthetic humic substances and 50% of TOC 
reduction within 60 min, respectively (Chemat et 
al., 2001). Wang et al. showed that approximately 
90% of the humic acid was oxidized within 1 h of 
irradiation when UV/quartz was used. However, 
oxidation of only 20% of humic acid was observed 
after 2 h irradiation when UV/Pyrex or sunlight 
was used as the light source (Wang et al., 2000).
No study was observed for oxidation the humic 
substances using low frequency (42 kHz, 
170 W) ultrasound wave and high intensity 
medium pressure (300 W) ultraviolet radiation. 
The purpose of this work was to compare the 
efficiency of low frequency ultrasound and high 
intensity medium pressure ultraviolet light for 
humic substances oxidation [measured by both 
means of UV254, UV436 absorbance and total 
organic carbon (TOC)] in water.

MATERIALS AND METHODS
Humic acid purchased from Aldrich as sodium 
salt was used to simulate the organic matter in 
natural waters. All chemicals used for solutions 
were reagent grade and were used without further 
purification. All model solutions of humic acid 
were prepared using deionized water with the 
initial concentration of 2.5-10 mg/L. In each 
case, the reaction volume was 2500 ml and all 
of the experiments were conducted at pH=7. 
Sonication was achieved at frequency of 42 kHz 
(170 W) with an ultrasonic generator (Codyson 
CD- 4820, China) with a piezoelectric transducer 
having a diameter of 5 cm fixed at the bottom of 
the vessel (Fig.1a). Ultrasonic energy dissipated 
in the reactor was set at 60 W. Dimensions of 
ultrasonic bath were 262 cm×164 cm× 80 cm. 
Ultrasonic energy dissipated in the reactor was 
set at 1.6 W/cm2 through the calorimetric method. 
The apparatus is open to air. The sonochemical 
reactions were carried out for 300 min. The photo-
degradation studies were carried out in a batch 
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reactor system (water depth was 10 cm). A 300 
W medium pressure mercury lamp (I= 1400 μW/
cm2 through the radiometry method) surrounded 
by quartz jacket (20 cm length) was located in the 
center of the reactor. The lamp bandwidth was in 
the range of 210-250 nm (maximum emission at 
247.3 nm). The photolysis reactions were carried 
out for 120 min. Samples were taken periodically 
from the reactors and analyzed immediately. 
The temperature of the reactor was maintained 
at 25±2 ºC with a water cooling jacket. After 
each run, the absorption of the supernatant was 



determined with 10 mm glass cell using a double 
beam spectrophotometer (PJ Instrument- T 80, 
England) at 436 nm (Color436, 1/m) and 254 nm 
(UV254, m-l) for the evaluation of the kinetics 
of the sonolysis and photolysis degradation of 
humic substances. Total organic carbon was 
measured with a Shimadzu 5000A, total organic 
carbon analyzer. Source water parameters as 
pH, turbidity and total organic carbon (TOC) 
were also measured according to the Standard 
Methods (APHA, 1998). All experiments were 
run in triplicate to ensure reproducibility. 

Fig. 1. Schematic diagram of sonoreactor (a) and photoreactor (b)

1. Cooling water jacket
2. Transducer
3. Cooling water inlet
4. Cooling water outlet
5. Sampling tube
6. Thermometer

1. Cooling water jacket
2. Cooling water inlet
3. Cooling water outlet
4. Sampling tube
5. Thermometer
6. Mixer
7.Quariz jacket
8. Medium pressure Hg UV lamp

(a) (b)
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RESULTS 
Study on humic substances degradation was carried 
out for 2 and 5 h irradiation time in photolysis 
and ultrasonolysis processes, respectively. Tables 
1 and 2 show the variation in concentration of 
humic substances with time in terms of Color436 
and UV254, turbidity and pH in photolysis and 
ultrasonolysis processes. Only 9.5% and 5% 
reduction in organic content of humic substances 
(UV254) and color (Color436) have been observed 
for 300 min ultrasonolysis of 10 mg/L humic 
substances solution, respectively. Instead 50.5% 
and 59% reduction in organic content of humic 
substances (UV254) and color (Color436) have 
been observed for 120 min ultrasonication of 10 

























       









 

 

mg/L humic substances solution, respectively. 
Table 3 shows the major calculated reaction rate 
coefficients. The experimental data from this 
study fitted well with pseudo-first order reaction 
rate equation. It was observed that the initial 
rate of ultrasonic degradation was high but later 
it reduced substantially. Figs. 2 and 3 show the 
removal of humic substances with respect to 
TOC during oxidation processes. As can be seen 
TOC was removed more efficiently by the UV 
than by the US processes. TOC concentration 
was reduced from 22.94 to 22.04 mg/L in 300 
min ultrasonication and from 22.8 to 11.34 mg/L 
in 120 min photolysis at concentration of 10 mg/L 
humic substances. 

Fig. 2. Reduction of TOC vs. time for ultrasonodegradation 
of humic substances

Fig. 3. Reduction of TOC vs. time for photodegradation of 
humic substances

DISCUSSION 
The advanced oxidation of the humic substances 
at different initial concentrations in the range 
of 2.5-10 mg/L was investigated. Initial results 
demonstrated that ultraviolet radiation was able 
to appreciably degrade humic substances and 
ultrasound waves are the least efficient treatment 
in comparison with ultraviolet radiation. The 
efficiency of different treatment processes can 
be observed on the UV absorbance at 254 nm 
and 436 nm. Table 1 shows the degradation of 

humic substances as function of time. As can be 
seen, sonochemical degradation proceeded very 
slowly leading to less than 9.5% reduction in 
UV254 and 5 % reduction in Color436 after 300 min 
ultrasonication at 10 mg/L humic substances. It 
can also be observed from results that UV had its 
potential to degrade humic substances. More than 
50.5% reduction in UV254 and 59 % reduction in 
Color436 were achieved after about 120 min at 10 
mg l−1 of humic substances. 
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The poor effects of US on the reduction efficiency 
of UV254 and Color436 may be attributed to the 
fact that low ultrasound frequencies hinder the 
development of hydroxyl radicals (Vinodgopal 
et al., 1998). Naffrechoux et al. reported the 
changes of humic macromolecules induced by 
the ultrasonic waves are weak and probably 
concern only the molecular conformation. The 
main primary chemical process in the sonolysis 
of aqueous solutions is the thermal dissociation 
of water to hydrogen atoms and hydroxyl 
radicals (Naffrechoux et al., 2003). They 
showed the hydrogen peroxide concentration 
continuously increases during US treatment of 
humic substances solution despite the low OH 
radicals quantity produced and the reactivity 
of humic substances with OH radicals seems 
quite limited (Naffrechoux et al., 2003). Hence 
reactions inside or in the vicinity of the bubble 
(where fast thermal decomposition and increased 
concentrations of radicals exist) are unlikely to 
occur to an appreciable extent and, therefore, its 
degradation will be driven by hydroxyl radical-
mediated secondary activity in the liquid bulk. 
Thus US process generally demands a high 

contact time for significant degradation efficiency 
(Ince and Tezcanli, 2001).
It can be also observed from Table 1 the initial 
turbidity value of the solution was increased by 
irradiation of US. This condition may be attributed 
to the fact that the effects of ultrasonication 
on the humic acids could be explained by two 
mechanisms. One is the chemical degradation 
of the humic acids in the cavitation bubbles by 
oxidation. The other is the physical aggregation 
of humic acid fragments. The main physical 
effect of powerful implosion of cavitation bubbles 
in the natural water is the fragmentation of the 
suspended solids. This effect is easily measurable 
by turbidity growth (Naddeo et al., 2007).
A can be concluded from table 2 UV light had 
high potential to degrade humic substances. This 
may be because the main oxidant responsible for 
the oxidation of humic substances is the highly 
reactive hydroxyl radical that produce very 
much during the irradiation of solution using 
medium pressure mercury lamp (300 W). Also, 
UV radiation is strongly absorbed by humic 
substances, UV treatment of the substances 
solution leads to drastic changes of the molecules 

Table 1. Degradation efficiency of HS in terms of UV254 and Color435 by ultrasound wave
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(Naffrechoux et al., 2003). This would explain 
discrepancies in reactivity of humic substances 
between ultrasonochemical and photolytic 

reactions since the latter involve the participation 
of a more diverse range of reactive species (i.e. 
radicals and electrons) than the former.

It has also been pointed out that the humic 
substances reduction in terms of Color436 and 
UV254 gradually decreased with increasing initial 
humic substances concentration (Table 1 and 
2). Nevertheless, the efficiency of the process 
in terms of the amount of humic substances 
degraded generally increased at higher initial 
concentrations. The presumed reason is that when 
the initial concentration of humic substances is 
increased, the competition between the humic 
substances metabolites and humic substances 
for hydroxyl radical became intense owing to 
the non-selective reactivity of hydroxyl radical. 
Additionally, in the US process with increasing 
initial humic substances concentration the 
cavities approached saturation. The two factors 
contributed to a decreasing rate constant for the 
degradation of humic substances with an increase 
in initial concentration (Naddeo et al., 2007).
The results showed that the pH of the initial 
solution decreased slightly during different 
treatment processes. The changes in the pH can 
possibly be attributed to the fact that, when the 
aqueous solution is irradiated by ultrasound, water 
vapor present in the ultrasound bubble is split to 

yield hydrogen and hydroxyl radicals. Naddeo et 
al. reported humic substances molecules present 
in the vapor phase or in the surrounding liquid of 
the collapsing bubbles are subject to direct attack 
by hydroxyl radicals, thus probably accelerating 
hydrolysis by several orders of magnitude in 
the presence of ultrasound. The acidic nature of 
humic substances such as humic acids is usually 
attributed to the ionization behavior of carboxylic 
and phenolic hydroxyl groups (Naddeo et al., 
2007; Joyce et al., 2007). 
The change in pH of the humic acid solution 
by ultrasonication implies that the ionization 
behavior of the acidic functional groups of humic 
acids in an ultrasound field could be modified 
(Naddeo et al., 2007).  Since, humic acids behave 
like weak acid polyelectrolytes with a relatively 
high pH buffering capacity, changes in the pH of 
the humic acids would probably not be evident, 
even when the acidic functional groups of the 
humic acid molecules change (Naddeo et al., 
2007).

Table 2. Degradation efficiency of HS in terms of UV254 and Color435 by ultraviolet irradiation
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As demonstrated in Table 3, the degradation of 
humic substances in terms of UV254 absorbance 
by oxidation processes exhibit pseudo-first-order 
reaction kinetics. The rate of disappearance of 
HS may be described by following equation:
Where, r, k and C are the reaction rate of HS, 
pseudo first order constant and HS concentration, 
respectively. The pseudo-first-order rate 
constants (k) of decolorization obtained from 
the slope of -ln (C/C0) vs. t (time) plots where 
C0 and C are humic substances concentration at 
time zero and at time t, respectively. The rate of 
humic substances degradation was dependent on 
initial humic substances concentration (C0) and k 
decreased with increasing C0.
The removal of the TOC of the humic substances 
for the both processes was determined. It was 
found that the ultraviolet radiation had more ef-
fects on the TOC removal from the aqueous solu-
tion in comparison to ultrasonic mineralization. 
An average of 50.2% reduction in TOC values 
occured during the photolysis of 10 mg/L humic 
substances. Also, the mineralization represented 
in terms of TOC reduction was increased with an 
increase of reaction time.
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