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A B S T R A C T   

Humic substances (HS) are heterogeneous organic polymers that show monotonous properties. HS are present at 
different proportions in the terrestrial environment, and they implicate the performance of water desalination 
plants. Recently electrodialysis self-reversal (EDR) technology has been used to treat excess salinity, hardness 
and fluoride in HS rich groundwater in Sri Lanka (~3 mg L− 1, dissolved C). Due to the high organic content of HS 
in groundwater, the EDR ion exchange membranes are prone to fouling. To unravel the fouling mechanisms, 
humic acid (HA) and fulvic acid (FA) fractions were isolated and fractionated from the groundwater and char
acterized spectroscopically. All membrane fouling experiments were conducted for HA and FA contaminated 
water using a lab-scale EDR setup operated under batch mode. Sequential desorption experiments were carried 
out using distilled water, 2% (w/w) NaCl, and 0.3% (w/w) sodium dodecyl sulfate to probe variations among 
two fouling mechanisms. Similarities were found in aromatic and aliphatic carbon contents, humification degree, 
and molecular weight of humic substances. Higher proportions of carboxylic and phenolic groups were found in 
FA compared to HA. Ester groups in HA facilitate P, S, and Si migration within organic moieties. The molecular 
environs in the vicinity of carboxyl functional groups led different fouling mechanisms. HA fouling was found 
irreversible compared to FA fouling. The subtle differences between fouling mechanisms will help implement 
appropriate pretreatments to ensure the durability of EDR membranes.   

1. Introduction 

Natural organic matter is ubiquitous, showing a monotonous struc
tural framework despite its geographic diversity. Humic substances (HS) 
included in natural organic matter are heterogeneous, recalcitrant bio
molecules derived from intense humification and pose high to moderate 
molecular weights (500–100 000 Da). Three fractions are operationally 
defined according to HS acid and base solubility, a) low molecular 
weight (1 000–10 000 Da) fulvic acid, FA, soluble at any pH), b) high 
molecular weight (10 000–100 000 Da) humic acid, HA, a soluble 

fraction above pH 2), and c) humins (100 000–10 000 000 Da), water- 
insoluble fraction [1]. The composition of major elements in HA and 
FA are ranged as C (40–60%), H (4–5%), N (1–4%), O (30–50%), S 
(1–2%), P (0–0.3%) regardless of their source, or degree of humification 
[2]. However, the oxygen content is high in FA while C, H, N and S 
contents are high in HA. Distinct functional groups in HS are carboxylic, 
phenolic, aliphatic, hetero-aliphatic acetal, carbonyl, and their aro
matic/ aliphatic skeletons are crosslinked by O and N derived hetero
atoms [3]. Solubility of FAs at any pH is associated with their high 
proportions of carboxyl, phenolic and ketonic surface functionalities 
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compared to HAs. 
HS is also a surfactant capable of interacting with both hydrophobic 

and hydrophilic contaminants present in the environment [4]. Another 
important aspect of HS is their ability to formulate organo-complexes 
with inorganic anions (i.e., phosphate, sulfate, and silicate) and cat
ions by various complexation mechanisms. For example, He et al. (2006) 
reported probable HS bound P forms as orthophosphate, orthophosphate 
monoesters, orthophosphate diesters, and phosphonates [5] while 
others noted phosphate binding to HS using multivalent metal ion 
bridges to form HS-metal-phosphate complexes [6–8]. Silica included 
organo-silicate esters with HS accounted for transportation and disso
lution in natural aquatic systems [9]. Sulfur present in HS can either be 
as thiol, thiophene, sulfoxide, sulfone, disulfides, and sulfonate or sul
fate esters [1]. Also observed is enhanced Ca2+ complexation by sulfo
nates in groundwater HS [10]. Aquatic or soil HS in non-tropical regions 
of the world suggests that HAs posture aromatic skeletons, while FAs are 
aliphatic [11–15]. 

Conventional experimental methods cannot resolve subtleties 
inherent in humic substances’ fine molecular structures. HS are pre
cursor of forming potential toxicants in water [2,3,16,17]; however, no 
water regulatory guidelines have been imposed yet for its control. One 
cannot obtain natural organic matter devoid of water; therefore, keeping 
its concentration below a threshold level is the only viable option to 
minimize suspected health effects and prevent membrane fouling. 

Further, natural water in the tropics contains high dissolved natural 
organic matter concentrations compared to temperate regions [18]. 
Fluctuating soil water profile due to frequent and high levels of rainfall 
inherited in the tropics facilitates the loading of natural organic matter 
to shallow groundwater through vertical leaching from near soil surfaces 
[18]. Therefore, desalination membrane plants used in the tropics often 
observe fouled membranes due to high dissolved natural organic matter 
and TDS [1,19–21]. Both pressure-driven (e.g., reverse osmosis, nano
filtration) and ion exchange membranes (i.e., electrodialysis) are used in 
water desalination. The pressure-driven membrane methods desalinate 
water excessively that require artificial solutes additions to the treated 
water [22]. Electrodialysis methods can regulate water salinity 
cost-effectively [20]. However, in both cases, membrane fouling by 
natural organic matter and microorganisms is a pressing problem that 
requires urgent attention [19]. 

Presently, we focused on examining the fouling of ion-exchange 
membranes (IEMs) used in electrodialysis self-reversal (EDR) systems 
by HS in groundwater. It can affect process parameters like power 
consumption, water recovery, maintenance, and robustness to inlet 
water quality variations. IEMs bear a net electrical charge, either posi
tive (anion exchange membrane, AEM) or negative (cation exchange 
membrane, CEM). The natural water contains colloids, natural organic 
matter, and divalent cations, which show membrane fouling at different 
proportions. The membrane fouling caused by divalent cations, colloids, 
or organisms can be removed during the self-cleaning mechanisms using 
purging and scalants dissolution as employed in EDR [20]. However, the 
membrane fouling created by HS or allied ternary complexes does not 
remove efficiently by the self-cleaning process [23]. Therefore, natural 
organic matter fouled membranes deteriorate their performance due to 
the formation of organic gels on the surface. Often permanent damage to 
the membrane could occur, which requires its replacement. IEM fouling 
by phenols [24], proteins [25,26], tannins [27], natural organic matter 
[28], antibiotics [29], and anti-foaming agents [30] has widely been 
examined and relevant mechanisms include precipitation, complexa
tion, and aggregation reactions as discussed elsewhere [20]. However, 
the relevant fouling mechanisms were mostly speculative; in some cases, 
no experimental evidence is shown [20]. 

This study focuses on identifying subtle differences in IEM-fouling 
mechanisms due to structural variations inherited in groundwater HA 
and FA due to humification. Fouling mechanisms are supported by the 
structural composition gained by HS characterization; in-depth charac
terization of fouled membranes by vibrational spectroscopy was carried 

out to assess the reversibility or irreversibility of the foulants by 
sequential desorption experiments. Even though literature reports 
certain IEM fouling data due to HS [28,31], there is not much research 
carried out to probe fouling mechanisms comprehensively by consid
ering HA and FA separately. 

Therefore, we examined the fouling mechanism of AEM by HS 
received from a tropical zone in Sri Lanka by spectroscopic and con
ventional experimental methods. We extracted and fractionated HS in 
groundwater collected from Sri Lanka. The isolated HS fractions were 
characterized by attenuated total reflection-Fourier transform infrared 
(ATR-FTIR), UV-Visible, and X-ray photon (XPS) spectroscopy. Fouling 
mechanisms of AEM by HS were examined using a batch mode EDR 
system. Both CEM and HS are negatively charged at natural water 
acidity; therefore, repulsive electrostatic forces inhibit HS and CEM 
intimate interactions. CEM fouling by HS is hypothesized minimal, and 
hence not examined. The mechanisms and procedure developed to 
probe AEM fouling can also be used to identify fouling of nano or reverse 
osmosis membranes. Further, we also identified spectral signatures to 
assess the degree of humification required in HS genesis. 

2. Materials and methods 

2.1. Chemicals 

Unless otherwise specified, analytical grade sodium dodecyl sulfate 
(SDS), NaCl, and NaHCO3 were obtained from Sigma-Aldrich (USA) and 
used as received. In all sample preparations, distilled water (JP Selecta 
AC-L4, Greece) was used. 

2.2. Fractionation of dissolved humic substances 

A 200 L of water sample was collected into acid-washed HDPE cans 
during the wet climatic season (October-17, 2020) from Padaviya (Sri 
Lanka), a location mentioned in a previous study where kidney problems 
are prevalent (latitude 8◦51’04.6", 80◦45’00.6", Padaviya, Northcentral 
province (NCP), Sri Lanka) [17]. Water quality parameters were sum
marized in Table 1-S (support documentation). According to Thurman 
and Malcolm, HA and FA were extracted using XAD-8 resin [32]. The 
resin was first rinsed with methanol, followed by distilled water until 
removal of traces of methanol, and secondly with 0.1 N NaOH, followed 
by complete removal of NaOH by rinsing with distilled water. The resin 
was packed in a 500 mL bed volume glass column. The pre-filtered 
sample was adjusted to pH 2.0 and passed through the column up
ward. HS fraction was eluted with 0.1 N NaOH in the reverse direction, 
and the eluted sample was then re-concentrated in a cleaned small 
XAD-8 column (160 mL, bed volume). Eluted sample from the second 
column was fractionated by adjusting pH to 1.0. HA and FA fractions 
were separated from the settled sample by centrifugation. 
Re-concentration of supernatant FA fraction and removal of excess HCl 
from HA precipitate was followed by a hydrogen saturation step through 
cleaned cation exchange resin. The extraction and fractionation process 
are detailed in Table 2-S. 

2.3. Analytical methods for analysis of humic substance 

2.3.1. Dissolved organic carbon content 
Dissolved organic carbon (DOC) contents were determined by a total 

organic carbon analyzer (TOC-L, Shimadzu, Japan). Potassium 
hydrogen phthalate standard ranging from 0 to 20 mg L− 1 was used to 
calibrate total carbon content (TC), while inorganic carbon content (IC) 
was calibrated by sodium carbonate standard ranging from 0 to 200 mg 
L− 1. 

2.3.2. ATR-FTIR spectroscopy 
Attenuated total reflection-Fourier transform infrared (ATR-FTIR) 

spectra of humic fractions were recorded over a wavenumber range from 
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4000 to 400 cm− 1 by mounting 1 mg of the solid sample on a diamond 
prism of a sample holder (UATR two, PerkinElmer, USA). Overlapped 
peaks were resolved using Gaussian fitting function (Origin pro 2018, 
MicroLabs, USA). 

2.3.3. X-ray photoelectron spectroscopy (XPS) 
XPS data for extracted HS were acquired using ESCLAB 250Xi 

spectrophotometer (Thermo Scientific, Germany). All measuring con
ditions and sample pellets were prepared as shown elsewhere [17]. 
Survey spectrums of HA and FA fractions were obtained using CasaXPS 
software, Germany. Overlapped C 1 s, O 1 s, N 1 s, S 2p, and P 2p peak 
regions were resolved using Shirley background and 
Lorentzian-Gaussian (G/L = 70/30) peak-fitting function from the same 
software. 

2.3.4. UV-Visible spectroscopy and spectroscopic indexes 
UV-Visible spectra of HS were obtained for dissolved samples in 10 

mM sodium acetate with acetic acid buffer at pH 7, between 190 and 
700 nm by UV-Vis spectrophotometer (Shimadzu UV-2700). Samples 
were introduced in a quartz cell with a path length of 1 cm. Relative 
absorbance ratios, E253/ E203 (ratio of UV absorbance at 253 nm and 
203 nm wavelengths), E250/ E365, E270/ E400 and E465/ E665 were used to 
determine the characteristics of HS [33,34]. Specific UV absorbance at 
254 nm (SUVA254, m mg L− 1) was calculated to compare the hydro
phobicity of HS [33]. Optical density at 280 nm (ε280, cm mol− 1 cm− 1) 
(UV absorbance coefficient at 280 nm divided by TOC of the sample) for 
each sample was also calculated. 

2.4. Membrane fouling and desorption 

Laboratory scale EDR system (Fig. 1-S: support documentation) 
contained CJMA-4 (anion membrane) and CJMC-4 (cation membrane) 
ion-exchange membranes (Hefei ChemJoy Polymer Materials Co., 
China). Specification of the stack system is summarized in Table 3-S. 
Feed solutions were prepared to simulate groundwater composition. 
First, HA feed solution was prepared by dissolving 0.0056 ± (0.0001) g 
of extracted solid sample (~2 mg L− 1, TOC) in 1 L of distilled water, and 
NaCl (0.001 M) and NaHCO3 (0.001 M) was added. The second feed 
solution containing FA was prepared by dissolving 0.0048 ± (0.0001) g 
of extracted solid sample (~2 mg L− 1, TOC), and salts were added as 
same as the previous solution. Both feed solutions were adjusted to pH 
8.00 (Orion 910003, USA) using 0.1 N NaOH or 0.1 N HCl solutions, 
stirred overnight, and filtered through 0.45 µm PES membranes before 
feeding them into the EDR system. Further, the pH of the HS feed and the 
concentrate solutions were maintained at pH 8.00 during each EDR 
cycle using 0.1 N NaOH or 0.1 N HCl solutions. 

After each fouling experiment, the AEM was dismantled from the 
EDR stack system to evaluate fouling characteristics by ATR-FTIR 
(UATR two; PerkinElmer, USA) and SEM (EVO LS 15; ZEISS, Ger
many) methods. Chemical desorption was carried out first by soaking 
torn pieces (~0.5 × 0.5 cm2) from 3.0 × 3.0 cm2 dried fouled mem
branes in 100 mL of distilled water with stirring for 24 h. Membranes 
were taken out and dried in a desiccator. Water desorbed membranes 
were then soaked in 2% (w/w) NaCl and 0.5% (w/w) SDS separately 
while stirring for 24 h. Initial and the final pH, EC (conductivity cell 
probe; Orion 013010MD, USA), DOC content, of desorption solutions 
were measured. The study was replicated three times. 

3. Results and discussion 

3.1. Characterization of humic substances 

3.1.1. ATR-FTIR spectroscopy 
The HS, e.g., FA and HA, were characterized by IR spectroscopy, the 

spectral regions are grouped as 3600–2200 cm− 1 (high-frequency re
gion), 1800–1500 cm− 1 (mid-frequency region), and 1400–400 cm− 1 

(low-frequency region) (Fig. 1) and peaks were identified according to 
the data [10] available for Sigma-Aldrich humic acid (Table 4-S). The 
spectral signatures specific to FA and HA were analyzed in corroboration 
with XPS results, as shown in Section 3.1.2. In the high-frequency IR 
region, the C-H stretching vibrations of FA have resolved into three 
bands, namely 3052 cm− 1, 2922 cm− 1, and 2821 cm− 1. However, only 
the band at 2922 cm− 1 is present for HA. Compared to HA, FA shows 
enhanced aliphatic [35] and recalcitrant properties [36]. In HA, the 
band at 3131 cm− 1 is ascribed to aromatic C-H stretching (ν(C-H) ar), 
whereas similar signatures in FA are absent or not significant. FA ν(C-H) ar 
shows a blueshift of 5 cm− 1 due to electron attracting phenolic and 
carboxylic groups in the organic moieties. Both FA and HA show similar 
spectral features for the H bond and O-H stretching vibrations (ν(O-H)) 
due to their hydrophilic nature [36]. 

In the mid-frequency region, the FA spectrum shows two bands at 
1740 cm− 1 and 1706 cm− 1 due to C––O stretching vibrations (ν(C–

–O)) in 
-COOH (the XPS data in Fig. 2 shows only a minute proportion of ketonic 
groups). The ν(C–

–O) band at 1710 cm− 1 for HA shows lower -COOH, and 
the higher relative intensity of ν(C–

–C) ar stretching band at 1623 shows a 
high proportion of aromatic carbon. Relative abundance of -COOH 
groups in FA compared to HA is supported by a broadband for asym
metric COO- stretch (ν(COO-) asym) at 1535 cm− 1. As shown in Fig. 1. c 
and 1. f, the spectral evidence in low-frequency range has resolved into 
CH2/ CH3 deformations (ν(C-H) def), an asymmetric stretch of COO- 

(ν(COO-) sym), aromatic C-O-H stretch (ν(C-O-H) ar), an antisymmetric 
stretch of COO- (ν(COO-) asym), O-H bend of COOH/ phenol (ν(O-H) bend), R- 
O stretching of alkoxy groups (R-OR, R-OH, and carbohydrates) (ν(R-O)), 
C-O stretch of esters (ν(C-O)), aliphatic alcoholic O-H deformation (ν(R-O- 

H) def), phenolic O-H deformation (ν(C-O-H) ar) and aromatic C-H defor
mation (ν(C-H) def ar). In the current study, FA and HA display ν(C-H) def 
bands at 1445 cm− 1 and 1455 cm− 1. Aliphatic and aromatic -OH de
formations resolved in HA and FA as shown in Fig. 1. The ν(R-O-H) def of 
HA at 1419 cm− 1 is broad (the corresponding band at 1455 cm− 1 of FA 
is narrowed), indicating high aliphatic -OH groups in HA. However, the 
phenolic content in FA is more abundant than in HA. The well-resolved 
band (ν(C-O)) at 1259 cm− 1 in HA is ascribed to the ester group in HA 
(such groups are absent in FA). The linkages evidenced for the presence 
of organo-silicate and organo-sulfate ester as further supported by XPS 
data (Fig. 2). The -O-H bending vibrations in -COOH at is broader in FA 
(ν(O-H) bend 1201 cm− 1) compared to HA (ν(O-H) bend 1215 cm− 1). The HA 
shows a narrow, intense band corresponding to alkoxy groups, ν(R-O) at 
1090 cm− 1, while the FA shows a cluster of bands in the 
1119–1040 cm− 1 region. Further, the appearance of vibration bands 
within 1100–1000 cm− 1 [5] could also be due to mono- and/ or 
di-ester-phosphate groups in the HS. Therefore, due to ester bonded 
phosphate, the band assigned as ν(R-O) at 1090 cm− 1 in the HA can also 
be assigned. The ν(R-O-H) def stretches were identified for each fraction for 
HA at 1032 cm− 1 and FA at 967 cm− 1. The band at 853 cm− 1 appeared 
only in the HA spectrum attributes Si-O stretching (ν(Si-O)) of silica and 
was found as another proof of the higher amount of humic complexed 
silica observed in the XPS survey data. Vibrational peaks > 600 cm− 1 

are attributed to mineral matter associated with HS. 

3.1.2. XPS spectral data 
XPS analysis is extremely sensitive to near-surface features, and thus 

used to determine the elemental composition of a substance, semi- 
quantitatively. However, inaccuracies may result if the material is het
erogeneous, and surface chemical composition is differed from the bulk 
[37]. According to the XPS survey spectra, the HA (Fig. 2a) and the FA 
(Fig. 2b) fractions consist with C, O, Si, Cl, N and S as major elements 
along with traces of Ca, Na, Mg and P. The abundance of elements in HA 
follows C 1 s (66.36%) < O 1 s (21.24%) < Si 2p (6.75%) < Cl 2p 
(1.95%) < N 1 s (1.71%) < S 2p (0.87%) < Na (0.74%) < Ca 2p (0.32%) 
and for the FA fraction as C 1 s (71.42%) < O 1 s (22.87%) < Cl 2p 
(1.64%) < N 1 s (1.57%) < S 2p (0.98%) < Si 2p (0.71%) < Na (0.50%) 
< Ca 2p (0.12%) < P 2p (0.11%) < Mg 1 s (0.09%). The abundance of O 
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and N derived functionalities on HA and FA can be postulated by O/C 
and N/C elemental ratios. These elemental ratios in commercial 
Sigma-Aldrich and Sri Lankan HA are comparable; O/C 0.32 (Sri Lankan 
HA), 0.33 commercial HS; N/C 0.026 (Sri Lankan HA) and 0.021 com
mercial HS [10,38]. Binding energies (BEs) and abundance of assigned 
status are summarized in Table 5-S. Notably as shown in Table 1, carbon 
content and aromaticity of the HS in groundwater from tropical zone (Sri 
Lanka) are highest. 

3.1.2.1. C1 s–chemical state. As shown in Fig. 2a and b, the C 1 s de- 
convoluted spectra for HA and FA show six peaks designated as (1) 
sp2 hybridized aromatic carbon (C-C/C-H), (2) sp3 hybridized aliphatic 
carbon (C-C/C-H), (3) α-carbon (α-C-C(O)), (4) alcohol/ether carbon (C- 
O), (5) ketonic carbon (C––O), and (6) carboxylic carbon (C-(O)O)[10, 
39]. Further, the π-π * shake-up satellite peak that appears at ~291 eV 
was not resolved. For Sri Lankan HS, the aromatic carbon content of HA 
(54.09%) was higher than FA (52.51%), while aliphatic carbon content 
was higher for FA (3.34%) than for HA (2.28%). The HA extracted from 
groundwater in CKDu zones show higher aromaticity for HA than FA. 
The π-π * shake-up satellite peak indicates aromaticity [40]. Accord
ingly, HA exhibits a more aromatic nature than FA. The most abundant C 
1 s state consists of either/alcohol carbon, and their composition is 
higher for HA (31.33%) than FA (27.20%). In agreement with FTIR data, 
the higher surface carboxylic content appeared in the FA (11.70%) than 
in HA (6.37%). The presence of -COOH groups dominates the surface 
charge of the HS, and it promotes membrane fouling. Phenolic content is 
also pivotal as the carboxylic content when determining fouling mech
anisms. However, XPS data alone cannot resolve the presence of 
phenolic groups from the alcohol/ether carbon unambiguously because 
of subtle variations in their BEs [37]. The ketonic carbon content and 
α-carbon contents are similar in HA and FA. 

3.1.2.2. O 1 s–chemical state. De-convoluted O 1 s spectra show four 
peaks for HA and FA as in Fig. 2a and b. Peaks can be assigned as (1) 
carbonyl (O––C), (2) alcohol/acetal/hemiacetal (O-C), (3) carboxylic (C- 

O-O-H), and (4) ester (O––C-O) oxygen. Carboxylic groups are the most 
dominant O-containing functionality found in extracted HS, where the 
amount found in the FA is higher as 91.34% and for the HA as 85.42%. 
Comparatively higher carboxylic content was found in FA in agreement 
with C 1 s data. The dominance of the O-containing groups for the HA 
follows as C-O-O-H > O––C > O-C > O––C-O, while for the FA as C-O-O- 
H > O-C > O––C > O––C-O. In agreement with vibration spectroscopic 
data, organo-silicate and sulfates show high ester-type O content in HS. 
However, the presence of aromatic and aliphatic -OH groups in HS 
cannot be resolved by XPS data but by IR spectral signature. Accord
ingly, FA is enriched with aromatic -OH groups [37]. 

3.1.2.3. N 1 s–chemical state. De-convoluted N 1 s XPS data for the HA 
fraction and FA fractions are given in Fig. 2a and b, respectively. Typical 
N 1 s spectra contained (1) amide (C(O)N), (2) pyrrole (N-pyrrole), and 
(3) primary amine (NH2) or protonated primary amine (+NH3) nitrogen 
peaks [38,41]. The amide and the pyrrole N 1 s peaks are not resolved 
well [38]. The FA amide and pyrrole peaks are overlapped, but HA peaks 
are de-convoluted. The most abundant N-containing group in HA is 
amide-N (78.29% of total N). The amide-N is predominant in HS over 
heterocyclic N and ammonium-N [42], resulting from peptides [41]. 
Peptide bonding and nucleophilic additions with aromatic amines fol
lowed by an elimination are possible reaction mechanisms in amide 
formation in HS-genesis pathways [43]. N-content of the HA vary as 
amide (78.29%) > pyrrole (19.65%) > amine (2.06%). The least amine 
contents in HS indicate its recalcitrant nature due to intense humifica
tion [41]. For FA, primary amine N (60.7%) is higher than amide/ 
pyrrole N (39.3%), indicating enhanced proportions of peptides and 
proteins held by H-bonding [44]. However, our HS does not contain 
aromatic-N (pyridine, imine, aniline), where they show typical BE at 
399.0 eV [44]. Therefore, protein/peptide nitrogen content determines 
the N content of extracted HS. 

3.1.3. Organic complexes of sulfate, silicate, and phosphate 
Complex formation between sulfate, silica, phosphate, and HS in 

Fig. 1. ATR-FTIR spectral data of fulvic and humic acids a) FA 3600–2200 cm− 1, b) FA 1800–1500 cm− 1, c) FA 1300–400 cm− 1, d) HA 3600–2200 cm− 1 e) HA 
1800–1500 cm− 1, f) HA 1300–400 cm− 1. 
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natural aquifers have been studied extensively [45,46,6–8]. Further, the 
complexation mechanisms are believed to be mediated by multivalent 
metal ions in soils or water through bridging interactions [6,8,47]. Both 
HA and the FA show surface-bound S, Si, and P, which favors bridging 
interactions with Al3+, Fe2+, Ca2+, and Mg2+. 

3.1.3.1. S 2p–chemical state. Lorentzian-Gaussian fitted S 2p XPS curves 
are shown for HA and FA in Fig. 2a and b respectively, and corre
sponding BEs were summarized with their relative abundance in 
Table 5-S. Four peaks are identified for FA as (1) sulfide, (2) thiophene, 
(3) sulfoxide (SO(R’)(R’’)), and (4) sulfone (SO2(R′)(R′’)) or ester- 
bonded sulfate (SO2(O)(R’’)). However, there are only three peaks for 

the HA due to sulfide, and thiophene S 2p peaks overlap. Percent com
positions of S-containing groups were different among the two fractions. 
The FA the S 2p composition varies as sulfide (41.41%) > sulfone/ester- 
bonded sulfate (36.76%) > thiophene (17.34%) > sulfoxide (5.52%) 
while for the HA as sulfone/ester-bonded sulfate (45.50%) > sulfide/ 
thiophene (33.39%) > sulfoxide (21.11%). The formation of O-con
taining S functional groups, i.e., sulfone/ester-bonded sulfate and sulf
oxides, is probably a result of the oxidation of surface sulfur-containing 
functional groups like sulfides and thiophenes, thus indicating intense 
humification [38,48]. Further, the ester-bonded sulfate is believed to be 
a product of the complex formation reaction between inorganic SO4

2- 

and COO- [10]. In the groundwater of HS in the study locations, the 

Fig. 2. Fig.2.a: XPS spectral data of humic acid fraction including HA-survey spectrum, HA-C 1s status, HA-O 1s status, HA-N 1s status, HA-N 1s status, and HA-P 2p 
status. Fig. 2.b: XPS spectral data of fulvic acid fraction including FA-survey spectrum, FA-C 1s status, FA-O 1s status, FA-N 1s status, and FA-S 2p status,. 
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ester-bound sulfates are high. Further research into the formation 
mechanisms of ester-bound HS and hard ions (i.e., Ca2+, Mg2+) mobility 
in water is warranted. Compared to FA, the presence of higher SO4

2- 

bound HA triggered by Ca2+ is ascribed chelation. The enhanced 
negative charge in FA inhibits SO4

2- due to electrostatic repulsions [10]. 

3.1.3.2. Si 2p–chemical state. A higher Si content in HA (6.75%) than FA 
(1.64%) was noted. The Si may be complex with HS in several ways [9]. 
In one way, > Si-OH groups may form H-bonds with N or O sites on HS 
[21,47]. Alternatively, hexa-coordinated chelates between catechol and 
silica are proposed. Si can also associate with HS forming organo-silicate 
esters. Although not conclusive to date, the formation of organo-esters 
seems energetically feasible [9]. In the last mechanism, a nucleophilic 
attack by dicarboxylic acids to silicic acid at neutral pH promotes -C-O-Si 

formation. However, the enhanced presence of organo-Si enriched HA is 
unresolved yet. 

3.1.3.3. P 2p–chemical state. Identifying spectral signals corresponding 
to P is quite challenging in HS. For example, the XPS survey HS data 
virtually show no evidence for the presence of P in HA, but the de- 
convoluted spectrum shows P 2p signal at 133.86 eV (Fig. 2a). Over
lapping regions for P 2p with Zn 3 s and Si 2p are significant; in HA, the P 
signal is shadowed by an intense peak resulting from Si. Thus, over
lapping the high Si amount found in the HA resulted in no separate 
phosphorus peak in the survey spectrum. However, the survey XPS data 
of the FA reveals traces of P, but the de-convoluted P 2p data shows no 
recognizable peaks. Transportation of P with HS is due to the formation 
of phosphate mono- and di- esters which are enzyme-hydrolyzable and 

Table 1 
Composition, abundance, and characteristics of groundwater humic substances extracted from different regions in the world.  

Location Composition HA: FA ratio Characteristics Reference 

C% N% O% aromatic C% aliphatic C% carboxyl C% 

Padaviya, Sri Lanka         
HA 66.36 1.71 21.24 1:10 54.09 2.23 6.37 Current study 
FA 71.42 1.57 22.87  52.51 3.34 11.70 
Gorleben, Germany         
HA 56.25 1.69 35.80 NA 41 38 8 [15] 
FA 57.18 1.14 35.38  23 48 13 
Fuhrberg, Germany         
HA 54.43 1.69 NA NA 35.4 42.6 19.5 [13] 
FA 54.74 1.02 NA  33.3 36.0 22.6 
Danish aquifers         
HA from Fjand 59.00 NA NA 100:0 51 8 6 [14] 
FA from Tuse and Skugen 48.77–50.32 NA NA 1:34 (Skugen) 

4: 58 (Tuse) 
14–20 43–52 19–20 

Vejen landfill, Denmark       
HA 50.7 2.2 42.1 11.9:43.5 NA NA NA [12] 
FA 51.4 0.9 42.5     
Biscayne groundwater, Colorado     
HA 58.28 3.39 30.14 NA 36 26 23 [11] 
FA 55.44 1.77 35.39  39 17 28 

NA – data not available 

Fig. 3. : UV spectroscopic data and calculated spectroscopic indexes for isolated humic and fulvic acids.  
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acid un-hydrolyzable [34]. 
Moreover, phosphate binds with HS through metal ions bridging in 

forming HS-metal-phosphate complexes are also reported [6–8,46]. The 
detected vibrational peaks correspond to mono- and/or 
di-ester-phosphate in HA, supporting P 2p state. The absence of the P 2p 
state in FA suggests weak electrostatic interactions with phosphate, 
hindering ester linkages require further research. 

3.1.4. Ultraviolet (UV) spectroscopy 
UV spectral data allow identification of HS humification processes. 

For HS, three absorption bands are observed: local excitation (LE) band 
(λ < 190 nm), benzenoid (Bz) band (λ190–240 nm), and π-π * electron 
transition (ET) band (λ > 240 nm) (Fig. 3) [35]. The intensity of the Bz 
band indicates the HS’s aromaticity, while the ET band’s position in
dicates the degree of substituted aromatic constituents [49]. A variety of 
spectroscopic indexes are introduced to relate the degree of humifica
tion and the aromaticity of a HS [35]. This study focused on the ratios of 
UV absorbance at different wavelengths; viz., 253 nm and 203 nm 
(EET/EBz), at 465 nm and 665 nm (E465/E665), at 250 nm and 365 nm 
(E250/E365), and at 270 nm and 400 nm (E270/E400). Optical density at 
280 nm (ε280) and the specific UV absorbance at 254 nm (SUVA254) was 
also considered. 

The EET/EBz ratio correlates with the degree of substitutions of O- 
containing functionalities (i.e., hydroxyl, carbonyl, carboxyl, and ester) 
to the aromatic ring structure. The EET/EBz ratio increases with 
substituted aromatic constituents in the HS structure. In agreement with 
XPS data, the EET/EBz ratio is higher in HA (0.48) than FA (0.33). 
Compared to IHSS samples, the degree of humification is less conspic
uous in Sri Lankan HS [35]. In agreement with XPS data, the ε280 cor
relates with the HS aromaticity and the molecular weights because of 
π-π * electron transitions occurring at λ 270–280 nm region [50]. HS 
contain various subunits such as aniline derivatives, phenolic arenes, 
polyenes, polycyclic aromatic hydrocarbons, and benzoic acids, 
responsible for π-π * electron transitions. The ε280 values for Interna
tional Humic Substances Society (IHSS) HAs and FAs suggest higher 
values for HAs, typically doubled form FAs, indicating higher aroma
ticity and molecular weights associated with HA fractions. Data ob
tained from this study denotes minor deviations among their ε280 values. 
Increased aromaticity indicates the degree of humification where 
condensation of conjugated aromatic and/ or aliphatic structures and 
inter- or intra-molecular donor-acceptor interactions occur among 
chromophores forming supramolecular HA or FA aggregates. The 
SUVA254 value has shown a direct relationship with the hydrophobicity 
of a particular DOC component [51]. Therefore, the SUVA254 index is 
used to assess the hydrophobicity of HA based on normalized TOC 
values. The HS with SUVA254 values greater than 4.0 is said hydrophobic 
due to their high aromatic nature; thus, HA (SUVA254; 8.03) and FA 
(SUVA254; 6.93) show hydrophobic behavior. The hydrophobic nature 
of HS plays a role in membrane fouling by inter-molecular interactions 
(Section 3.1.5). Generally, despite some controversies, HS E465/E665 
ratios correlate with molecular weight, aromatic condensation, and 
humification [35]. As judged by E465/E665 ratios, aromaticity favors HS 
humification. In humified HS with high molecular weights has E465/E665 
ratio ranging from 3.0 to 5.0 while young, aliphatic-aromatic, light 
molecular weight HS show E465/E665 ratios ranging from 6 to 10 [52]. 
The E465/E665 index of SL HA (E465/E665; 7.00) is lower than for FA 
(E465/E665; 8.83). E250/E365 index also correlates the aromaticity and 
molecular weight, given that low values (2.4–3.1) are for aromatic 
compounds with high molecular weight originated from lignin de
rivatives [52,53]. Accordingly, Sri Lankan HA and FA belong to light 
molecular weight fractions with incomplete humification. The E270/E400 
value correlates with the chromophores’ content [50]. In agreement 
with XPS analysis, our data show that in HS, high carboxyl content is 
associated with FA structure. 

3.2. Postulated membrane fouling mechanisms by humic substances 

3.2.1. EDR experimental data 

D =
σ0 − σt

σ0
× 100 % (1)  

C loss =
DOCi −

(
DOCf + DOCc

)

DOCI
× 100 % (2) 

Desalination efficiencies, %D of HA and FA feed solutions of EDR 
batches were calculated according to Eq. 1, where ϭ0 and ϭt are electrical 
conductivity (mS cm− 1) at t = 0 and t, respectively in the feed solution 
and shown in Fig. 4a and b. Gradual deposition of HS foulants on the 
AEM surface might have enhanced the resistance to mobile ions’ 
movement through the membrane. The steeper decline observed for the 
desalination rates of HA (HA, from 91.45% to 72.43% within five 
batches and FA, from 91.35% to 70.67% within seven batches), indi
cating comparatively high accumulation rate of the foulant on the 
membrane surface. %Carbon losses in each batch for HA and FA feed 
solutions were calculated using Eq. 2, where DOCi, DOCf, and DOCc are 
initial DOC content in the feed water, final DOC content in the feed, and 
added DOC content in concentrated solution, respectively. Calculated % 
C loss responsible for the C amount deposited during each EDR batch 
cycle aided interpretation of foulants’ accumulation on the AEM. 

Interestingly, the %C content in FA declined from 67.79% to 32.29%, 
contrary to HA %C content, which increased from 2.85% to 88.71%. 
Results for FA suggest a higher amount of electrostatic repulsion expe
rienced by the incoming foulants from the foulants already deposited on 
the AEM surface, validating higher surface negative potential gained by 
FA due to deprotonation of high quantity of carboxyl and phenolic sites. 
Surface fouling layers are stabilized due to negative charge neutraliza
tion by attracting protons generated from water splitting, as illustrated 
in the postulated mechanisms (Fig. 6). Electrostatic repulsion in HA is 
low due to enhanced surface charge neutralization by protonation of the 
surface carboxyl and phenolic functional groups. The concentration of 
the ions near the membrane surface has decreased with time, creating an 
ion deficit interface. At extreme ion deficit conditions, water splitting 
occurs on the IEM surface generating H+ and OH- to facilitate the current 
flux across the membrane [54,55]. 

3.2.2. Characteristics of membrane foulants 
Deposition of HS has reduced the performance of the AEM. The 

fouled membrane sites are sensitive to vibration spectroscopic signals. 
As shown in Fig. 4c and d, IR data was used to postulate HS and mem
brane interacting mechanisms. Vibrational spectral regions were de- 
convoluted as detailed in supporting documentation Figure S-1. The 
H-bonded O-H stretching vibrations (ν(O-H)) are observed at 3424 cm− 1 

with a shoulder at 3239 cm− 1 in the virgin-AEM spectrum. Membrane- 
foulant interactions resulted in broadening the ν(O-H) band, and de- 
convoluted spectra of fouled membranes reveal new peaks, accord
ingly. These new peaks are probably due to ν(O-H) of COOH and phenolic 
groups in FA and HA. Redshifts occurred in the direction of lower 
wavenumbers to the virgin peak at 3424 cm− 1 by a Δν, 2 cm− 1 after HA 
and by Δν, 20 cm− 1 after FA fouling suggest H-bonding between water, 
PVDF-fluorine and carboxyl and/ or phenolic groups in HS [56]. 

Deconvoluted IR data for the ν(C-H) region showed additional peaks 
for aromatic and aliphatic C-H vibrations of HS upon fouling (Fig. 2-S). 
The aliphatic C-H stretch appeared at 2823 cm− 1 for FA and 2820 cm− 1 

for HA fouled AEMs and aromatic C-H stretch at 2870 cm− 1 for FA while 
at 2884 cm− 1 for fouled HA. The IR bands of C-H bonds are shifted from 
the virgin position due to electrostatic and hydrophobic interactions 
between the membrane and the foulant. The asymmetric stretching vi
brations of virgin +N-C-(CH3), C-H bond (1 ν(C-H)asym) at 3029 cm− 1 

redshifted slightly (Δν, 2 cm− 1 after HA fouling, Δν, 1 cm− 1 after FA 
fouling) due to electrons gained from electrostatic interactions. The 
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asymmetric stretch of CH2, C-H bond (2 ν(C-H)asym at 2963 cm− 1 blue 
shifted (Δν, 7 cm− 1 after HA fouling, Δν, 10 cm− 1 after FA fouling due to 
CH-π interactions. 

Foulant’s double bond features were readily identified from the de- 
convoluted spectral region for the 1800–1500 cm− 1 range (Fig. 2-S.a 
and 2-S.d). Accordingly, aromatic C––C and asymmetric -COO- stretches 
are resolved for the HA at 1607–1502 cm− 1 as sharp peaks while for the 
FA at 1618–1482 cm− 1 as broad spectral bands indicate more -COO- 

groups in FA structure with the preserved chemical environment. 
Further, higher carboxyl content in FA was re-confirmed by the 
appearance of an additional peak at 1713 cm− 1 due to C––O stretching 
of -COOH. Virgin vibration peaks correspond to stretching of quaternary 
ammonium functional sites (ν(N+-(CH3)3)) at 1642 cm− 1, scissoring (ν(N+- 

(CH3)3 scis)) at 1483 cm− 1 and C-N+ (ν(C-N)) stretching at 1231 cm− 1 blue- 
shifted upon fouling with HA and FA. Cl- ions neutralize the positive 
charge on N functional sites of virgin AEM through electrostatic in
teractions. As long as fouling by HS might only partially neutralize their 
positive charge through electrostatic interactions resulted in compara
tively high positive nature/ high frequencies, verifying the exchange of 
Cl- ions with negative HS. 

3.2.3. Desorption data 
A desorption study was used to disclose the nature of outer and inner 

reversible foulants detached from the AEM surfaces. The pH of the 
desorption solutions was affected by the amount of protonated and/or 
deprotonated carboxyl and phenolic groups presented in the desorbed 

Fig. 4. Variation of desalination efficiency, D% during batch mode EDR cycles along with %C loss for a) FA feed, b) HA feed, ATR-FTIR spectra comparing virgin and 
fouled EDR-AEMs by fulvic and humic acids c) high-frequency region spectrum (3700–2700 cm− 1), d) low-frequency region (1800–400 cm− 1) with SEM morphology 
of e) FA fouled membranes, and f) HA fouled membranes. 
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HS foulant, and the resulting pH values were summarized in Table 2. 
Accordingly, DOCf values obtained during the distilled water desorption 
evidenced the removal of loosely bound outer HA or FA foulants form on 
the AEM surface. The final pH of the distilled water was increased after 
HA or FA desorption, indicating the basic nature of the outer layer 
foulants. A higher pH increment was observed for FA outer fouling, 
indicating high carboxylate and phenolate amounts than desorbed HA. 
Hence, the negative charge of outer foulant layers was deduced as high 
for FA compared to HA. ATR-FTIR data in Fig. 6 suggest a partial 
restoration of membrane properties after removal of outer-most FA 
foulants by distilled water; in contrast, distilled water desorption failed 
to restore virgin membrane properties for HA fouling. Salt solutions are 
frequently used to clean the fouled IEMs by organics due to destabili
zation of membrane-foulant electrostatic interactions [52,53]. Accord
ingly, 2% (w/w) NaCl used in this study facilitated the desorption of 
electrostatically bound inner foulants from AEM surface. The final pH of 
the HA desorbed solution was decreased from the initial pH value of 
6.23–5.49, indicating their acidic nature. On the contrary, the pH of the 
FA desorbed solution was increased to 7.01, indicating their basic na
ture. This results in line with the idea explained earlier; the protonation 
of membrane-adhered HA results in neutralized inner fouling layers. 

Further, the NaCl desorption was facilitated the partial recovery of 
the membrane features back to the virgin state for FA, in contrast to 
deteriorated membranes resulting in HA fouling (Fig. 6). SDS is reported 
as a surfactant facilitating the removal of hydrophobically attached 
foulants from membrane surfaces [57]; thus the nature of hydrophobi
cally attached inner foulants were revealed by the SDS desorption. 
Resulted solutions for both HA and FA showed acidic nature for 
hydrophobically attached inner foulants, indicating protonated nature. 
Charge neutralization by protonation may facilitate intermolecular hy
drophobic interactions (e.g., CH-π, π-π, van der Waals) among surface 
adhered foulants (Fig. 6) which can be readily desorbed with SDS. 
Decreased DOCf content compared to DOCi for SDS desorption solutions 
provide evidence for its sorption on AEM. Partially restored membranes 
after FA desorption facilitated enhanced SDS sorption, as evident from 
intensities of SDS features from vibrational data and SEM in Fig. 5. 
Overall, the pH variations among NaCl and SDS solutions suggest inner 
reversible HA foulants are protonated to a higher extent than partially 
protonated inner reversible FA foulants. 

3.2.4. Postulated membrane fouling mechanisms 
The desorption data, along with the EDR data, allowed postulation of 

three-step AEM fouling mechanisms (Fig. 6) by HS extracted from 
Northcentral province, Sri Lanka. Accordingly, the first phase includes 
initial electrostatic interactions between HA or FA and the AEM facili
tated accumulation of foulants on the membrane. The negative surface 
charge of foulants due to carboxylate and phenolate groups appears to 
reduce by protons abstracted from water splitting. This process allows 
the stabilization of foulants on the membrane surface, first by reducing 
electrostatic repulsion among foulants and secondly, by facilitating 
inter-molecular hydrophobic interactions. The accumulation of foulants 
is restricted by high electrostatic repulsion inherited by FA due to high 
negative potential, which could be unable to be neutralized by protons 
from water splitting as for HA. As shown in Fig. 4e and 4.f the SEM data 
show comparatively higher coverage by HA foulant (29.58% coverage) 
compared to FA (27.23% coverage). Therefore, the second phase in 
which the accumulation of foulants on the surface is determined by the 
extent of neutralization of surface adhered foulants. SEM images show 
rather a high membrane surface coverage by HA; hence HA fouled 
membranes facilitate enhanced retention of organic moieties on the 
surface. Further, the stabilization of surface fouling by neutralization 
builds up a resistant to self-cleaning in EDR due to ineffective repulsion 
form electrode potential to the membrane foulants [23]. Third phase of 
fouling is the further stabilization of partially neutralized HS foulants by 
inter-molecular hydrophobic interactions. Future studies are required to 
determine the irreversible and/or reversible nature of these foulants. Ta
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4. Conclusions 

The XPS, IR, and UV spectral information of groundwater humic and 
fulvic acids extracted from Northcentral province, Sri Lanka, have 
shown structural similarities. The aromaticity is higher for HA, while the 
aliphaticity is higher for FA. Compared to FA, HA is more hydrophobic. 
The degree of humification is less in Sri Lanka HS compared to IHSS. 
Relative abundance of COOH and phenolic OH are high for FA fraction, 
while the ester content was high for HA. Esterification seems to play an 
important role in migrating P, S, and Si in HA. Mechanistic steps of 
membrane fouling differ substantially between HA and FA, and ATR- 
FTIR data revealed significant membrane deterioration by HA. 

However, the HS-assisted membrane fouling mechanism can be 
explained in three steps; (i) initial electrostatic interactions, (ii) accu
mulation of foulants, and (iii) stabilization of the foulants is mainly due 
to sophisticated deviations that occurred in their COOH and phenolic 
OH contents. 
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