Journal of

Photochemistry
Photobiology

A:Chemistry

Journal of Photochemistry and Photobiology A: Chemistry 148 (2002) 137-1-

www.elsevier.com/locate/jphotochem

The effect of operational parameters on the photocatalytic
degradation of humic acid

Fiona L. Palme?®*, Brian R. Eggin$, Heather M. Colemah

@ School of Information and Software Engineering, University of Ulster, Cromore Road, Coleraine, Co. Londonderry BT52 1SA, Ireland
b School of Applied Medical and Sports Studies, University of Ulster at Jordanstown, Shore Road, Newtownabbey, Co. Antrim BT37 0QB, Ireland
¢ Queen’ s University at Belfast, Co. Antrim, Ireland

Received 24 July 2001 ; received in revised form 19 November 2001; accepted 19 November 2001

Abstract

This work investigated the potential of semiconductor photocatalysis for the treatment of drinking water. More specifically it determined
the effect of the following operational parameters on the adsorption, rate of initial degradation, and mineralisation of Aldrich humic acid
solutions: concentration, temperature, oxygen, light intensity, and pH.

The kinetics of humic acid degradation were found to be complex due to the heterogeneity and high molecular weight of these compounds.
Models which are often applied to semiconductor photocatalysis did not fit; the high adsorption of humic acid on the titanium dioxide
surface needed to be taken into account. © 2002 Published by Elsevier Science B.V.
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1. Introduction We have been studying the oxidative technology called
semiconductor photocatalysis. This uses a solid semiconduc-

Humic substances may be classed as group of heterogetor and near ultra-violet light to degrade organic substrates.
neous polymeric organic acids. They are yellow to black Normally titanium dioxide is used as the semiconductor. In
in colour and have high molecular weights (100 to several our previous work [2] we demonstrated that semiconductor
thousand daltons). In 1993, Schulten et al. [1] proposed aphotocatalysis could degrade humic substances in drinking
tentative structure for these humic substances. They reportedvater via a series of lower molecular weight intermediates
a flexible network of aromatic chains bonded by long-chain to carbon dioxide and water. Other researchers [3] have
alkyl structures. since published work in this area including the researcher

Humic substances in drinking water were initially re- Bekbolet [4-7].
moved because they impart a colour to the water that If we are to evaluate the potential of semiconductor pho-
is not aesthetically pleasing to domestic consumers. Thetocatalysis as an alternative drinking water treatment process
colour also renders it unsuitable for the paper, beveragethen it is essential that the effects of various operational pa-
and textile industries. However it is also well established rameters are investigated. The overall aims and objectives
that humic substances upon chlorination (used for disin- of this study were therefore toinvestigate the effect of the
fection purposes) form mutagenic halogenated compounds following operational parameters on the adsorption, initial
Numerous reports have demonstrated the formation of tri- degradation and mineralisation rate of humic acid, in a sus-
halomethanes, haloacetonitriles, haloacetic acids, and MXpension photocatalytic reactor: concentration, temperature,
(3-chloro-4-(dichloromethyl)-5-hydroxy-2(H)-furanone) a Oxygen, light intensity, and pH’.
highly reactive and unstable furanone derivative. It is there-
fore imperative that the concentration of humic substances
should be drastically reduced in raw drinking waters before 2. Experimental
chlorination begins.

2.1. Humic acid and semiconductor source

* Corresponding author. Tel:44-28-7032-3012. Commercially sourced humic acid from Aldrich was used,
E-mail address: fiona@causeway.infc.ulst.ac.uk (F.L. Palmer). allowing the composition to be controlled (sodium salt, lot
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number 61052-124). The only pre-treatment was filtration 2.4. Determination of the extent of mineralisation
through 0.22vm millipore filters. The semiconductor (De-

gussa P-25) was used in the form of a 0.1% suspension. Mineralisation was determined by measuring the carbon
o . dioxide released from the reactor. The effluent gas was
2.2. Irradiation experiments passed through a conductivity cell containing a 0.005M

barium hydroxide solution (AnalaR grade, BDH) and mea-
The reactor consisted of a 100 €nound bottomed Pyrex suring the conductivity drop.

flask. Influent gases (oxygen free nitrogen or oxygen from
BOC, or air from an aerator) were bubbled through the
reactor after passing through saturated barium hydroxide3 paqits and discussion
(AnalaR grade, BDH), and dilute sulphuric acid (BDH,
Con\ol), ensuring that the inlet gases were carbon dioxide
free. The effluent gases were bubbled through a conductivity
cell to allow the determination of the extent of mineralisa-
tion. Irradiation was performed with a 250 W medium pres-
sure mercury arc lamp (mainline of emission 365nm from
Thorn-EMI) with a 250 W power supply (Applied Photo-
physics) linked to a voltage stabiliser (Claude Lyons TS1).
Oxygen experiments were conducted using a 400 W metal
halide lamp (HPA 400F), mainline of emission 365 nm.
Thirty minutes were allowed for equilibration in the dark
so that adsorption could occur before irradiation. During
equilibration the gas to be used was bubbled through and
the lamp allowed to warm. During irradiation samples were
withdrawn and filtered through 0.2@n pore size filters to

3.1. Attainment of equilibrium

The researcher Chen et al. [11] was interested in the ef-
fect of mass transfer or adsorption onto the surface of the
semiconductor. He developed equations to describe the ef-
fect of mass transfer on the rate of photocatalysis. He sug-
gested that experiments reported to behave according to a
Langmuir—Hinselwood mechanism could be partially or to-
tally controlled by mass transfer phenomena.

3.1.1. Rate of equilibration
In order to determine the rate of attainment of equilib-
rium in the dark the concentration of humic acid in the bulk

remove the titanium dioxide. Not more than 10% of the to- s_olut_|on was determined at various times dur_lng equmb_r_a—
tion in the dark. The results are shown in Fig. 1. Equili-

tal volume was withdrawn throughout any one experiment. . . . : .

. . o . bration was achieved in approximately 20 min. A plot of
Experiments without titanium dioxide present were also I=teq g ) ) o
performed for each set of experiments. No significant degra- N[Slags ' — [Slags'®) against time{, before equilibrium,
dation was observed. The potassium ferrioxalate liquid Where [S]_,<* is the amount of substrate adsorbed at equi-

chemical actinometer, developed by Hatchard and Parkerlibrium and [S];d;ads is the amount of substrate adsorbed

[9,10], was used to determine light intensities within the after the start of the adsorption period, was plotted (not

reactor. shown). The kinetic constariyt, for adsorption was esti-
mated to be 0.11 min* from the slope (according to Chen

2.3. Analysis of humic acid concentrations et al. [11]). This is slightly higher than that reported by Chen

for trichloroethylene: 0.0813-0.0871 mih for concentra-

Analysis was performed only by high performance size tions between 0.05 and 1.50 mmél
exclusion chromatography (HPSEC), due to the low sample
volume required. The equipment included: pump (Spectra 3.1.2. Fraction of humic acid adsorbed to the surface
Physics Spectra System P2000 or a Shimadzu LC-6A); Col- At equilibrium 58.1% of the initial concentration was ad-
umn Chiller (Jones Chromatography M7955); Column (TSK sorbed onto the titanium dioxide. This is a high proportion
gel G3000 SW) (300 mm7.5 mm); Detector (Spectra Focus compared to other substrates such as phenol for which less
optical scanning UV/visible variable wavelength detector);
Data Acquisition Software (Spectra Physics Spectra Focus).
The conditions are detailed as follows: mobile phase (0.1 M, 16.6

pH 6.8 sodium acetate); flow rate (18min—1); pressure 2 1644
(300 psi); sample loop (1 cHy average run time (30 min). T g 16.2 1
These conditions are similar to those used by Backlund et al. § s 16.0 : .
[8] in their analysis of the degradation of humic acid by = % :g'z |
ultra-violet light. o £ 54-
Correlations between peak area, measured at 254nm, and { 150 - . . * 1
dissolved organic carbon (DOC) content were made froma 15:0 . ‘ ‘ . T

standard curve constructed by measuring the DOC of arange 0 10 20 30 40 50 60
of humic acid solutions. The measurement of DOC was
performed with a Shimadzu Total Organic Carbon Analyser
(5050A). Fig. 1. Adsorption of humic acid over time in the dark.

Equilibration Time (mins)
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than 5% adsorption has commonly been reported. Humic
acid being of a relatively large size and having more func-

tional groups than phenol per molecule may be expected to
show a higher adsorption.

3.2. Effect of concentration

The main effect of increasing concentration is to increase
the amount of substrat§, that is adsorbed onto the semicon- T
ductor surface. Most researchers have applied the Langmuir 3 4 5 6 7 8 9 10
model to semiconductor adsorption in which a monolayer is [Humic Acid]e, (ppm C)
assumed. Once this layer has been formed a saturation point
is reached above which no further adsorption can occur. If Fig. 2. Concentration of humic acid adsorbed per mass of titanium dioxide
we assume photocatalysis occurs at the surface, then thé9ainst the equilibrium concentration of humic acid.
concentration of substrate adsorbed to the surface directly

affects the overall rate of adsorption. Assuming that the con- jng to the method described by Cunningham et al. [12].

tion can be deemed to be pseudo first-order. A model basetheen made with salicyclic acid (often used as a model for
on these assumptions, the Langmuir-Hinshelwood model, hymic acid).

has been used by many researchers to describe semiconduc- From Table 1 we see thats, a measure of the affinity

[Humic Acid] aass/W (ppm C)
S =N Wh o IO
1

[l
[\

tor photocatalysis kinetics [12]: of a humic acid molecule for titanium dioxide was deter-

o ksKo[Sleq mined to be: 206 dn? mol~! x 10~3. This value forKs

initial rate = W”maxw was approximately 200 times higher than that previously re-
sloleq

ported for salicyclic acid. This might be expected; the hu-
whereks is the measure of the intrinsic reactivity of oxidant mic acid molecule is a high molecular weight compound,
with substrate; $leq the concentration of substrate at equi- with a larger number of functional groups per molecule
librium in the bulk solution;Ks the Langmuir adsorption  (and thus binding opportunities) compared to salicyclic acid.
constant of the substrat® on the semiconductor surface; The affinity in terms of amount of carbon is at least six
Nmax the total number of adsorption sites accessible to the times as high as salicyclic acid. This is probably due to

substrate\W the catalyst loading. the fact that in the case of humic acid, where potentially
at least an entire molecule could be attached by one func-
3.2.1. Adsorption tional group, a larger amount of carbon can be attached per

Initial experiments to determine the effect of concen- binding site.
tration on the adsorption of humic acid using the standard The value fompay, the saturation point, was determined
technique of varying the humic acid concentration proved to be 0.0026 mmol/g Ti@ This was approximately 30 times
difficult. The problems concerned the aggregation of the hu- lower than that previously reported for salicyclic acid. As
mic acid at high concentrations, and detection limits at lower the humic acid is large it would be expected that the number
concentrations (especially after adsorption). Thus a novel of molecules that could bind before saturation is reached
approach was tested. Instead of varying the humic acid con-would be lower. The molecule may for instance bind to
centrations the titanium dioxide concentrations were varied. several sites at once or block other binding sites. The value

A graph of the amount of humic acid adsorbed against for npay, in terms of amount of carbon, is actually higher
the equilibrium concentration is shown in Fig. 2. A plot for humic acid. This again might be expected due to the 3D
of [Sleq/([Slacs W) (where Hads the concentration of  shape of humic acid and the possibility that only part of the
substrate adsorbed onto the semiconductor surface) againsstructure is attached to the surface with the other section
[Seq was drawn. From the pldks and nmax Were calcu- lying such that other molecules can bind at adjacent sites on
lated, from the gradient and the slope respectively, accord-the titanium dioxide.

Table 1
Table of values ofKs and nmax for Aldrich humic acid derived from linearised Langmuir—Hinshelwood plots using data acquired from HRSEC
measurements and by varying the titanium dioxide concentration

Nmax (Mmol/g TiOy) Ks (dm®mol1) x 103 Nmax (Mg C/g TiGy) Ks (dm® per mgcarbonx 103
Aldrich humic acid 0.0028 2.306¢ 9.68 0.624
Salicyclic acid 0.0704 10.5 5.91 0.125

2|n the calculation an estimation of the number of moles of humic acid was determined by assuming that each humic acid molecule contained 308
carbons; this is the number of carbons in the tentative structure for humic acid suggested by Schulten et al. [1].
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040 5 T photocatalysis experiments may combine with one another
E 0.35 ~ ) . forming larger structures [13]. It was also noted that at the
= 030 1 : i ’ ¢ highest concentrations the aggregation of humic acid and
8 0.25 A { J titanium dioxide appeared to occur very rapidly on irradia-

= 0.20 1 s 1 tion. This may be expected as the humic acid solution was
& 0157 ® Initial Rate close to its solubility range and the titanium dioxide was ef-

2 0.10 : * Mineralisation Rate fectively acting as a coagulating agent; this was deemed to
o4 8‘8(5) i i} be the most important factor.

Bekbolet and Ozkoswman [4] did not report any such
problems in similar experiments with a humic acid sourced
from roth. They determined rates by measuring the reduction

Fig. 3. Effect of concentration on the initial rate of degradation and IN TQC, COD, U\é_54nm: and COlowiQOnm_ over time and
mineralisation of humic acid. obtained excellent fits to the Langmuir-Hinshelwood model.

0 10 20 30 40
Concentration of Humic Acid (ppm C)

3.2.3. Mineralisation
3.2.2. Initial degradation The steady state rate of mineralisation did not change sig-
The effect of concentration on the initial rate of hu- nificantly with increasing concentration suggesting zero or-
mic acid degradation did not appear to follow the stan- der kinetics for carbon dioxide production (Fig. 3). The rates
dard Langmuir—Hinshelwood kinetics commonly applied are similar to those obtained for phenol in the same reactor
in semiconductor photocatalysis experiments (Fig. 3). The by a previous researcher (approximately 0.2 ppm Cthin
rate of degradation does increase with increasing concen-above an apparent saturation level of 14.4ppmC) [14].
tration until the concentration of 30 ppm carbon, but after These zero order kinetics could be attributed to a rate de-
this concentration the rate actually decreased. Ignoring thetermining oxidation of an intermediate en-route to carbon
point after 30 ppm carbon, we observe that the plot does dioxide.
not show the typical convex curve of a reaction controlled  Mineralisation is a complex process and more sophisti-
by Langmuir—Hinshelwood kinetics but is actually slightly cated models taking into account intermediates, have been
concave in nature. We believe these unusual results are dugleveloped to describe the results, such as those developed by
to several factors. The complex shape can be attributed toMatthews and Mc Evoy [15], and Serpone and co-workers
the relatively high adsorption of humic acid (over 50%), [16,17]. Mills et al. [18] also built models describing the
and other various effects at high concentrations. mineralisation of salicyclic acid and 4-chlorophenol [19]
To explain the shape of this rate versus concentra- based on a knowledge of the major intermediates of degra-
tion plot consider again the parameters involved in a dation and assuming several routes of mineralisation.
Langmuir—Hinshelwood plot. In the Langmuir—Hinshelwood
model the rate of change in thetal concentration of sub-  3.3. Effect of temperature
strate is directly proportional to the amount of substrate
adsorbed at the surface. However when we measure rate$.3.1. Adsorption
we typically measure the rate of change in th¢k solu- There was little change in adsorption and hence the
tion. In the case of substrates that demonstrate very lowadsorption coefficient over the temperature range studies
adsorption onto the surface (such as phenol), the difference(10—-68°C) thus it might be expected that adsorption will
between the rate of reduction in the bulk and in total would not affect initial degradation rates for humic acid; the ef-
be relatively insignificant. In the case of humic acid, which fect on intermediate adsorption en-route to carbon dioxide
may show adsorption percentages up to 100 times greateremains unknown.
than some substrates, this effect is no longer negligible
especially in the lower concentration range. At lower con- 3.3.2. Initial degradation rates and mineralisation
centrations the amount adsorbed at the surface decreases The rate of initial degradation and mineralisation fluctu-
with decreasing equilibrium concentrations, acting to lower ated with increasing temperature (results not shown). There
rates observed in the bulk solution. Models have been de-was approximately a two fold increase in rate for both
veloped taking into account this adsorptive effect and will initial degradation and mineralisation from the minimum
be published in a later paper [13]. to the maximum rate. No significant trends over tempera-
The reduction in rate above 30ppm C is a more com- ture were demonstrated. Many researchers have applied the
plex issue. A light screening effect was determined but dis- Arrhenius theory to describe the effect temperature has on
missed as insignificant. The recombination of radicals may the rate constant of the reaction between the substrate and
playing a role: at these high concentrations the chances ofthe oxidising speciesks. Our data did not fit the Arrhenius
intermediate species reacting to form molecules of a higher equation well, so no results are shown.
molecular weight is more likely. In previous experiments it ~ These results are not surprising when we consider the
was suggested that indeed intermediates from humic acidnumber of different and conflicting effects that temperature
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can have on semiconductor photocatalysis. Temperature forl.22 x 10° einsteins 5! is approximately 20 times lower
instance can increase the interfacial charge transfer rate [20}than that observed by Okamoto et al. [23] during the degra-
by changing the number of charge carriers and the rate con-dation of phenol (2« 10~% einstein s1).

stant. It may also serve to increase the mass transfer rate One of the other interesting factors is the ratio of the
(although this will only affect the overall rate if it is rate rate of mineralisation to initial degradation rate. Above the
limiting) and the rate of indirect oxidation in homogenous transition light intensity the ratio of the steady state miner-
solution. Temperature will act to lower the concentration of alisation rate to the initial degradation rate increases. Au-
oxygen in solution which may limit rates [21]. It also affects gugliaro et al. [24] who investigated the effect of light in-
the adsorption and desorption of intermediates [22] (more tensity on the photocatalysis of 4-chlorophenol found an
tending to be adsorbed at lower temperatures), which com-enhanced rate of mineralisation relative to initial substrate

pete with the initial substrate. decay at lower light intensities. They suggested that the
slower rate of hole formation may allow the intermediates
3.4. Light intensity in solution to come to an adsorption equilibrium. In our
case the effect is opposite and may be due to intermedi-
3.4.1. Adsorption ates (with a low affinity for titanium dioxide in compari-
The amount of adsorption at different light intensities can- Son to humic acid) desorbing into the bulk before they can
not be determined directly. be oxidised on the surface. At higher light intensities they
may not desorb fast enough to prevent their oxidation at the
3.4.2. Initial degradation and mineralisation surface.

As light intensity increases, the rate of degradation also
increases due to the increasing number of oxidising species3.5. Oxygen
(Fig. 4). There appear to be two regions one above and one

below 122 x _10_5 einste_ins_sl; in each region anincrease  Adsorbed oxygen due to its availability in water often
in light intensity results in differing degrees of rate increase: serves as the electron acceptor in semiconductor photocatal-

« At lower light intensities the rate of initial degradation YSIS- Raté equations have been derived assuming a Lang-
increases in proportion to light intensity suggesting that muir adsorption of oxygen onto the titanium dioxide surface
few oxidising species are lost through recombination pro- [22]- Hoffmann and co-workers [26] reported that the rate of
cesses. oxidation was independent of oxygen concentrations below

« At higher light intensities the rate of initial degradation &' Saturation values, and Upadhya and Ollis [27] suggested
increases in proportion to light intensity to a power of that the mass transfer of oxygen to the surface could be rate

0.12 and the rate of mineralisation rises in proportion to Imiting.
light intensity to the power of 0.58. This results in lower 1€ role of oxygen may not merely be one of an elec-
and lower quantum yields as light intensity increases, as tron acceptor. Oxygen for instance may be involved in the

recombination effects become more significant and massormation of other oxidative species (superoxide, hydrogen
transfer becomes rate limiting peroxide, hydroxyl radicals), in the prevention of reduction

reactions, in the stabilisation of radical intermediates, min-

Quantum yields (0.003-0.039mol of carbon per pho- eralisation, and direct photocatalytic reactions.
ton) are similar to those obtained by earlier researchers

(0.0035 reported by Mills et al. [18] for salicyclic acid) 3.5.1. Adsorption

and are relatively low. The transition point observed at  Values forKs andnmaxWere determined for Aldrich humic
acid under oxygenated, aerated and nitrogen atmospheres
(Table 2). There is a smaller value f&g under nitrogen.

130 -12.0 110  -10.0 9.0 But overall oxygen did not affect the adsorption isotherms
L s ! ! 0.00 significantly. This may indicate that, as previously reported
E . by other researchers, oxygen does not compete with the
o - =8 -1.00 substrate but is adsorbed at different sites.
o
0 l - 2,00
E | = | Table 2
% i - -3.00 Table of values oKg and nmay for Aldrich humic acid derived from lin-
- - r . . . . .
S * « Mincralisation Rate | | earised Langmuu—Hmshelw_ood pIot; using dqta _acquned from _HB&EC
= . -4.00 measurements and by varying the titanium dioxide concentration
5 = Initial Rate
-5.00 Atmosphere  nmax (Mg C/g TIQ) Ks (dm® per mg carbonx 103
Ln(Light Intensity/Einsteins s™) Oxygen 9.86 0.624
] ] ) ) o ) Nitrogen 10.7 0.373
Fig. 4. The effect of light intensity on the initial rate of degradation and ajy 8.07 0.623

mineralisation of humic acid.
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Peicentage Oxypan (%) Fig. 6. The effect of pH on the mineralisation of humic acid.

Fig. 5. The effect of oxygen on the initial rate of degradation and
mineralisation of humic acid. ) )
previous research we showed that phenol did not degrade

or mineralise under nitrogen [28]. Degradation did occur if
3.5.2. Initial degradation and mineralisation alternative electron acceptors were present, however no car-
Fig. 5 shows the initial degradation and mineralisation bon dioxide was released suggesting oxygen was required
rates under different influent oxygen compositions. Itis im- for mineralisation. In these studies the initial degradation
mediately apparent that the data does not follow the typical rates indicate that something is acting as an alternative elec-
convex relationship expected of a Langmuir—Hinshelwood tron acceptor. There are a few possibilities including metal
model (relating the amount of oxygen adsorbed to the rate) ions which often bind to humic acids and can be present
although in general the rate did increase with increasing as impurities, and humic acid itself which contains quinone
oxygen concentrations. The initial rate of degradation be- type structures.
low oxygen compositions of 75% match the results found by ~ The mineralisation rates that we observed under nitrogen
Hoffmann and co-workers [26], where rate is independent may be due to the oxidation of aliphatic chains. In our previ-
of oxygen below air saturation values. ous work we deemed that oxygen was necessary for miner-
When the experiment was performed under nitrogen ini- alisation of phenol. This was not the case for the following
tial degradation and mineralisation was still observed. In aliphatic acids: oxalic, muconic, and maleic and fumaric,

Table 3
Summary of results for the effect of operational parameters on the adsorption, degradation, and mineralisation of Aldrich humic acid by semiconduct
photocatalysis (0.1% suspension of titanium dioxide; 250 W mercury lamp except for oxygen experiments which used a 400 W metal halide lamp)

Experiment Range of values Results
Rate of equilibration 15.5ppm C solution, room temperature Mass transfer rate: 011 min
Concentration and adsorption 4.72-39.3 ppm C solutions Ks: 0.624 dn? per mg carborx 103
Nmax: 9.68 mg C/g TiQ
Concentration and initial degradation 2.72-39.3 ppm C solutions Did not follow the standard Langmuir—Hinshelwood model
Concentration and mineralisation 2.72-39.3 ppm C solutions Apparent zero order kinetics
Temperature and adsorption 1518 5.5 ppm C solutions No significant effect
Temperature and initial degradation 15-78C, 5.5 ppm C solutions Fluctuating results. Approximately 2 fold difference between
and mineralisation minimum and maximum rates
Light intensity and initial degradation ~ 15.5ppm C solutions Transition point:22 x 1075 einsteins st

and mineralisation
Low light intensities: directly proportional to light intensity
High light intensities: the rate of initial degradation increases
in proportion to light intensity to a power of 0.12 and the rate
of mineralisation rises in proportion to light intensity to the
power of 0.58
Quantum yields: 0.003-0.039 mol of carbon per photon

Oxygen and adsorption Under oxygen, nitrogen and aerated Little effect
conditions, 15ppm C solutions
Oxygen and initial degradation 0-100% oxygen, 20 ppm C solutions Did not follow standard Langmuir-Hinshelwood Kkinetics.
Degradation even under nitrogen
Oxygen and mineralisation 0-100% oxygen, 20 ppm C solutions Mineralisation even under nitrogen
pH and mineralisation 15 ppm solutions, pH 2-11.8 The maximum mineralisation rate was observed at pH 7. In

the acidic region the rate was lowest at pH 4 and in the alkali
region the lowest rate was observed at pH 9
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which could be mineralised in the presence of alternative titanium was thought to influence the rates of degradation

metal ion electron acceptors [13]. more significantly than for other compounds. In the future
we may have to resort to using factorial equations or neu-

3.6. pH ral networks to model the complex kinetics demonstrated by

3.6.1. Adsorption
This was not performed due to the high insolubility of
humic acid above pH 6.

3.6.2. Mineralisation rates
Due to insolubility problems only mineralisation rates

such compounds.
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acidification (Fig. 6). The maximum mineralisation rate was
observed at pH 7 (close to phd) [29,30]. The rate was
slower after adding either acid or alkali. In the acidic region
the rate was lowest at pH 4 and in the alkali region the low-
est rate was observed at pH 9, which is close to the tp p
values for titanium dioxide.

In alkali conditions the carboxyl groups on the humic
acid will be ionised. A majority of phenolic groups will
only be ionised above pH 9. This ionisation will lead to a

negative charge on the humic acid molecules, which would

lead to a repulsion from the increasingly more negative
titanium dioxide (above the pig) The lowered adsorption

should lead to a reduced rate as observed. The slight in-
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