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Abstract: Higher concentrations of disinfection byproducts (DBPs) in small water systems have been
a challenge. Adsorption by tailored activated carbon (AC), developed from waste materials of a pulp
and paper company using optimization of chemical activation by nitric acid followed by physical
activation and metal coating, was tested for the removal of natural organic matter from water using
synthetic and natural water. AC was coated with aluminum and iron salts in a ratio of 0.25 to 10.0%
of metal: AC (wt:wt%). The optimization of dosage, pH, and time was performed to achieve the
highest adsorption capacity. The modified AC of 0.75% Fe-AC and 1.0% Al-AC showed 35-44%
improvement in DOC removal from natural water. An enhancement of 40.7% in THMs removal
and 77.1% in HAAs removal, compared to non-modified, AC were achieved. The pseudo-second
order was the best fitted kinetic model for DOC removal, representing a physiochemical mechanism
of adsorption.

Keywords: activated carbon; natural organic matter; optimization; chemical activation; THMs and
HAASs removal; waste material

1. Introduction

Chronic exposure to disinfection byproducts (e.g., trihalomethanes (THMs) and halo
acetic acids (HAAs)) in drinking water through ingestion, inhalation, and dermal contact
increases the risk of adverse health effects. The International Agency for Research on
Cancer (IARC) categorizes certain types of THMs and HA As in Group 2B with the possible
increase of the risk for liver cancers [1,2]. The US EPA suggests the maximum allowable
levels of 80 ppb (parts per billion) for four THMs (THM4) (i.e., chloroform, bromoform,
bromodichloromethane, dibromochloromethane) and 60 ppb for five HAAs (HAAS5) (i.e.,
monochloroacetic acids, dichloroacetic acids, trichloroacetic acids, monobromoacetic acids,
dibromoacetic acids) [3]. The formation of disinfection byproducts (DBPs) occurs continu-
ously in the municipal water as long as natural organic matter (NOM) is in contact with
chlorine-based disinfectants [2]. An increased level of NOM in the last two decades [4-7]
due to global warming, acute raining, soil erosion [8,9], and water contamination has led to
reduced or worsened effectiveness of water treatment processes by decreasing the lifespan
of activated carbon pores [10]. Of the residents in Newfoundland and Labrador (NL), 79%
are serviced by the public water distribution system, where 15% of the consumers are in
contact with high levels of THM4 and HAADS in their drinking water [1]. The average of
the dissolved organic carbon (DOC), a surrogate indicator of NOM content, in two-thirds
of the surface waters of NL is more than 5 mg/L, with an average of 9 mg/L in some
areas of the province. Figure 1 displays a contour plot of the variation of DOC in surface
water samples in NL. To reduce DBPs in compliance with regulations and to overcome the
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challenges in municipal water systems, water treatment facilities are looking for new and
affordable advanced treatment methods.

In recent years, the most famous technologies for the removal of NOM from water are
enhanced coagulation (EC) [11], electrochemical methods [12], advanced oxidation methods
(AOM) [13], membrane [14], and adsorption [15]. Adsorption by carbon-based adsorbents
has been used since the 18th century [16]. This is one of the most favorable and promising
methods in water treatment for the removal of DOC and hazardous contaminants in low
concentrations owing to the convenient operation, low maintenance, [17] high efficiency,
and simple design [15,18]. However, the cost-efficiency of adsorption methods is highly
dependent on the accessibility and the price of the carbon-rich precursor materials, i.e.,
wood, oil, coal, and coconut shells [16,19]. Industrial activated carbon for the removal
of odor, hazardous materials, and water treatment has burnt thousands of tons of wood,
coal, and oil per year [20]. Considering the financial and environmental obstacles, new
technologies are available for producing activated carbon from inexpensive carbon-rich
materials, such as agricultural waste (e.g., barley husk, rice husk, eggshells, palm seed
shell, silkworm excrement) [20-23], sewage sludge [24], used coffee grounds [25], and
industrial solid wastes [21]. The Corner Brook Pulp and Paper Limited (CBPPL) is the
principal manufacturer of standard newsprint in western Newfoundland, Canada, with
an average newsprint production of 700 tons per day. The boiler and bottom ash of the
factory have been recognized as accessible local sources of high carbon content material
for the development of porous activated carbon that is capable of resolving the waste
management impediments (i.e., thousands of tons of fly ash disposal to landfill yearly) and
water treatment issues in the province [18,26,27]. Investigations to date have proved the
capability of AC derived from the fly ash of CBPPL in removing low to moderate levels of

DOC [26,28] and arsenic [18].
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Figure 1. Contour map of dissolved organic carbon (DOC) in surface water of Newfoundland and
Labrador (NL) and the locations of water sampling in this study (adapted from [29]).
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Using a mixture of steam and CO; at 850 °C, the developed AC showed a microp-
orous structure [18], which can be beneficial for the removal of small- to moderate-sized
NOM molecules. The high molecular weight NOM that are the main precursors for the
halogenated DBPs (i.e., THMs and HAAs) can be better eliminated by a mesopore struc-
ture [30,31]. However, the absorptivity of AC is highly dependent on the surface charge and
surface functional groups [32], which has not been considered thus far. To overcome the
inefficacy of pore size distribution in removing certain toxic chemicals, surface modification
of AC by optimization of the oxidizing agent (i.e., acid mixture) [33] and developing more
O-functional groups on the surface of AC, as well as alterations of surface charge by metal
ions, were suggested to increase the affinity of high molecular weight NOM. Previous
studies on the pore structure of AC have shown the positive effect of oxidization by nitric
acid on increased mesopore volume of AC. A study by El-Hindawy in 2003 showed that
the oxidation of corncob using nitric acid with a ratio of 50 cm®:5 g of HNOs:carbon for 1 h
at 60 °C increased the mesoporosity of surface pores [34]. In another research, HNOj at
5.2 N was used for 3 h at boiling point, and the oxidization of ash in the waste material
(i.e., refuse-derived oil) resulted in the dissolution of ash to nitric acid, hence the mesopore
volume was increased [35].

Studies on metal impregnation of AC using iron oxide [17,36] and ferric chloride
following high temperature treatment have, thus far, shown improvements in the removal
of NOM [37], arsenic [18], bisphenol [38], and aluminum [39]. Aluminum-coated AC has
also been used for the removal of arsenate [40] and dye [41]. Aluminum sulfate (alum) and
ferric chloride are promising and cost-efficient coagulants with high capabilities in remov-
ing DOC and humic acids (HA) in water treatment plants during coagulation—flocculation
and sedimentation processes [42]. However, coagulation is not effective in removing low
molecular weight and hydrophilic NOM [43], while coagulation in combination with AC
has resulted in enhanced removal of DOC and HA [44,45]. Besides, the combination of
the two processes reduces the requirement of coagulant doses for water treatment [46].
Many studies have compared the capability of ferric chloride and aluminum sulfate on
the removal of NOM as coagulants. However, to the best of the authors” knowledge, no
study has made an attempt to consider ferric chloride as a coating agent without high
temperature (i.e., T > 200 °C) activation for NOM removal. Besides, studies thus far have
not used Al impregnated AC for NOM removal. Moreover, no comprehensive study has
been carried out to compare the efficiencies of aluminum sulfate and ferric chloride coated
AC on NOM removal without employing high temperature chemical activation. The objec-
tives of this study are to: enhance the pore structure of AC produced from pulp and paper
waste materials for NOM removal; maximize adsorption capacity by a central composite
statistical design of experiment and consider the factors of pH, time, and dosage; optimize
metal (i.e., Al and Fe) coating on AC considering the levels of metal leaching, dye removal,
iodine number, and surface area; and increase the removal of HA as the main precursor of
THM4 and HA A5 using metal-coated AC.

2. Materials and Methods
2.1. Production of Activated Carbon

The carbonaceous waste (i.e., fly ash) of CBPPL at Corner Brook, NL, was chosen
as the source of AC because of its abundance. The fly ash was first crushed and sieved
by a No. 50 mesh to remove the particles larger than 300 microns. Then the sieved fly
ash was washed with hot water at 80 °C and was filtered through a 0.45 um nylon filter.
The process was followed by drying the fly ash slurry in an oven overnight at 110 °C.
The ground fly ash before washing with nitric acid is named CBPP-R in this paper. The
suggested process by Shawabkeh et al. [33] for chemical activation and wash with nitric
acid was followed with some modifications. The fly ash was immersed in nitric acid at
the concentrations of 0% wt:wt, 5%, and 10% for hydrolysis and removing metals. The fly
ash was in contact with acid in the ratio of 1 g to 10 mL, and the mixture was heated and
stirred magnetically for four hours at the boiling temperature of 110 °C. Then the fly ash
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was rinsed with double deionized water (DDIW) several times to reach a stable pH (i.e.,
delta pH < 0.5). After that, the sample was dried overnight (i.e., more than 12 h) in an oven
at 110 °C until the weight was stabilized. The samples after drying are called CBPP-AQ,
CBPP-AS5, and CBPP-A10, respectively. The washed samples were tested for elemental
analysis, methylene blue adsorption, iodine number, and BET surface area.
Carbonization and activation are the important steps for increasing pore volume
and surface area of AC. Previous studies have shown that increasing temperature during
carbonization increases pore volume and surface area of AC and decreases the yield [18,27].
The past study on CBPP waste management showed that increasing temperature under
N flow at the rate of 500 cm® min~! at 15 °C per min to reach 850 °C and continuing
carbonization for 1 h at the target temperature followed by 2 h of activation at 850 °C
using a mixture of CO; and steam resulted in a reasonable yield (i.e., less than 50%) and
high surface area (SA) (i.e., SA of 1146 g/m?) [18]. However, the CBPP activation resulted
in a microporous structure, which is not favorable for removing high molecular weight
NOM. The method for physical activation suggested by Tanthapanichakoon et al. [32] and
modified by Shadbahr et al. [18] was followed to produce AC in this study. Figure 2a,b
illustrates a schematic diagram of the steps of experiments in this study. The first step in-
cludes the production of AC (i.e., fly ash, grinding, chemical activation, physical activation,
and metal coating), and the second step was performed to evaluate the performance of the
metal-coated AC in NOM removal using natural water samples and humic acid solutions.
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Figure 2. Schematic of (a) the steps of production of activated carbons and evaluation of their
performances in NOM and DBPs removal, (b) physical activation.

2.2. Metal Impregnation on AC

The preparation of AC was followed by the metal coating of AC with iron 3 valent
capacity and aluminum ions using ferric chloride and aluminum sulfate. The dried AC
was added to 50 mL of prepared solutions of metal ions with different concentrations at an
AC: metal ion ratio of 0.25, 0.50, 0.75, 1.00, 3.25, 5.50, 7.75, and 10.00% wt:wt. The mixture
of AC and metal ions was shaken at 150 rpm on a shaker for 72 h at 25 °C to allow metal
ions to penetrate the pores and the surface of the AC. Then the mixture was filtered by a
0.45 um nylon filter and was dried in an oven at 110 °C for hydrolysis. The coated AC with
iron (Fe-AC) and aluminum (Al-AC) were washed with DDIW several times to remove
excess metal ions from the surface. The process was completed by drying the AC in an
oven at 110 °C until the moisture was removed, and the weight of the AC was stabilized.

2.3. Reagents, Materials, and Instruments

Only analytical grade chemicals, including nitric acid (HNO3) at the concentrations 5%
and 10% wt:wt, were purchased from VWR, Canada, for oxidizing the carbon. The stock so-
lutions of ferric chloride anhydrous (FeCl3) and aluminum sulfate (Al;(SO4)3-18 HyO) were
prepared daily as sources of Fe and Al for metal-coated AC and coagulation. Hydrochloric
acid (HCl) 37% wt:wt, iodine solution (0.1 N), and sodium thiosulfate (NayS,03) (0.1 N)
were also purchased. Methylene blue (1500 ppm) was used forsingle-point isotherm”
indicating maximum adsorption of adsorbent within 30 min at 25 °C [47]. NaClO at 30%
wt:wt was used for chlorination. Methyl tert-butyl ether (MTBE) purchased from J.T. Baker,
USA, was used for extraction of THM4 and HA A5 following the methods: EPA 551.1 [48]
and EPA 552.2 [49] with an Agilent 6890 gas chromatograph equipped with ECD. UV ab-
sorbance was measured using a Genesys 105 UV /Vis’s spectrophotometer (Thermo Fisher
Scientific, USA). pH was measured using a benchtop FE20 pH meter (Mettler Toledo, USA).
Carbon dioxide and nitrogen were of 99.99% purity and were purchased from Praxair
Canada Inc. for AC generation.

2.4. Optimization

To find the most efficient operational conditions for the highest adsorption capacity, an
optimization was carried out through the following steps: choosing the factors and levels;
statistical design of experiment (SDE) and developing a run sheet; analysis of the results
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and recognition of effective factors; developing the regression models through analysis
of variances (ANOVA); evaluation of model accuracy; and projection of the optimized
condition. The independent variables, i.e., time (A), AC dosage (B), and pH (C), were
selected for investigating the DOC removal and equilibrium adsorption (qe). The AC dose
was estimated based on the preliminary experiments [28]. Table 1 demonstrates the factors
and corresponding levels for the experiment.

Table 1. The factors and their levels.

Levels
Factors Symbol
(-x) Lowest (-<1)  Center (0) Highest (+1) (+&)
Contact Time (h) A 0.50 5.26 12.25 19.23 24.00
Dosage (g/L) B 0.05 0.14 0.27 0.40 0.50
pH C 4.00 5.20 7.00 8.80 10.00

To acquire the lowest number of runs corresponding to clear effects, a response surface
methodology (RSM) and central composite design (CCD) were chosen. The CCD design
for 3 factors and 17 runs (13 runs and 4 center points) provides a resolution V design where
the main and two-factor interactions are aliased with high order interactions [50]. The
experiments were performed in triplicate. A second-order quadratic model can correlate
the factors to the responses (i.e., DOC removal and qe) using Equation (1).

K kK k K
Y=£(X)=PBo+ Y BXi+ Y, Y, BiXiXj+ Y BuXf; (k=3) )
i=1

i=1 i=1]=i+1

Similitude analysis and estimation of the coefficients in the quadratic model were per-
formed using ANOVA via a backward elimination of insignificant factors (p-value > 0.10)
with the Design-Expert, Stat-Ease, Inc., Minneapolis, MN, USA, version 10.0.8.0 (2017).
This software was also used for the generation of contour plots.

2.5. Characterization of AC and Methods

The methods that were used for characterization of AC were: ASTM method D3838-05
for pH value, ASTM method D2867-09 for moisture content, ASTM method D2866-11 for
ash content, single point isotherm within 30 min at 25 °C [47] for methylene blue adsorption,
ASTM method D4607-1 for iodine value, pH of zero potential, and particle size using a
Zetasizer Nano ZS (Malvern); Brunauer, Emmett, and Teller (BET) using a Micrometric
Tristar II 3020 (Micromeritics Instrument Corporation, GA, USA) for nitrogen adsorption—
desorption at 77 K for measuring specific surface area and pore volume; ASTM method
D8371-20 for metal content (Al and Fe) in AC using incineration; strong acid digestion,
and ICP-OES for elemental analysis; scanning electron microscopy (SEM) using TERRA
instruments for the investigation of surface microstructure and surface metal analysis.

2.6. Water Sample Analysis

Raw water samples were collected from three lakes that were the sources of small
drinking water systems (i.e., serving less than 3000 people [51]) in NL, Canada. The
selected water samples were collected from August 2016 to July 2019 for evaluating the
efficiency of AC in the removal of moderate to high levels of DOC and a VHA: DOC
fraction of NOM (i.e., 0.67 to 0.81). Synthetic water samples containing model compounds
of very hydrophobic acids and neutral hydrophilic fractions were prepared using HA
and polysucrose with different mixing ratios as reported in Table 2. The stock solutions
were prepared at a concentration of 1 g of the target chemical into 250 mL DDIW and
stirring at 200 rpm overnight. The procedure was followed by passing the stock solution
through a 0.45 um nylon filter and slowly increasing the volume to 1 L before analysis
by a DOC analyzer according to ASTM D7573 (2013). All raw and treated water samples
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were analyzed for pH, UV absorbance at the wavelength of 254 nm, DOC, and NOM
fractionation based on hydrophobicity as described in [42]. DBPs (i.e., regulated THMs
and HAA5) were measured according to the formation potential content within 72 h after
chlorination to minimize the noise/signal ratio of subjected parameters. The levels of
free chlorine after 72 h were measured following N-diethyl-p-phenylenediamine (DPD)
colorimetric method. The free chlorine levels were in the range of 0.05-0.20 mg/L.

Table 2. Characteristics of water samples.

DOC UVv254 . . . .
Sources MgL 1) Cm.1) THM4 (ppb) HAAS5 (ppb) VHA (%) SHA (%) CHI (%) NHI (%)
Natural ~ 5.22-10.31 0.237-0.557  1639.35-2485.10  327.69-2157.70  67.05-81.20 5.56-7.41 192-3.11  821-25.09
Synthetic ~ 9.05-9.42 1.063 1088.17 2213.49 100.00 0.00 0.00 0.00

DOC: dissolved organic carbon, UV254: ultraviolet absorbance at wavelength 254 nm, THM4: four regulated trihalomethanes, HAA5:
five regulated haloacetic acids, VHA: very hydrophobic acids, SHA: slightly hydrophobic acids, CHI: charged hydrophilic, NHI:

neutral hydrophilic.

2.7. NOM Characterization

The water samples were characterized for NOM content with measuring DOC ac-
cording to ASTM D7573 method [52], and NOM fractionation was performed based on
hydrophobicity and acidity. NOM fractions were identified by adsorption into resins in
four categories (i.e., very hydrophobic acids (VHA), slightly hydrophobic acids (SHA),
charged hydrophilic (CHI), and neutral hydrophilic (NHI)) following therapid fractionation
technique” [53,54] with modification in previous research [42]. NOM removal was evalu-
ated using the modified AC with metal coating using iron and aluminum (i.e., Fe-AC and
Al-AC) and non-modified AC. The NOM removal and DBPs reduction were calculated as:

G-

i

R x 100% ()

where C; and Cy and are the initial and final concentrations of the water samples. The
NOM removal was evaluated using natural water samples. The adsorbents were shaken
in 200 mL of water samples at a concentration of 150 mg/L for 15 to 1440 min at the
ambient temperature of 22 £ 2 °C. The process was followed by filtration of the mixture
through 0.45 pym membrane. Then, the NOM removal was measured for all the metal-
coated AC and raw AC. The metal-coated AC with Fe and Al showed the highest NOM
removal efficiencies, which were selected for the equilibrium adsorption isotherms and
kinetic studies.

2.8. Equilibrium Adsorption Isotherms

The adsorption of DOC in humic acid solution and natural water samples were
investigated on the selected metal-coated ACs in synthesized and natural water samples.
The synthetic water samples containing humic acids at a concentration of 10 mg/L and
natural water samples were used for this step. Selected adsorbents at a concentration
of 0.02 to 1 g/L were in contact with 200 mL of water samples on a shaker at a rotation
speed of 150 rpm for 24 h to reach the equilibrium. Then the samples were passed through
a 0.45 um membrane filter and were tested for DOC content. The nonlinear form of
Langmuir, Freundlich, and Temkin was used for the analyses using MATLAB (MATLAB
R2020b, 2020). The amount of adsorbed DOC at time t, ¢ (mg/g) was calculated using the
following equation:

qt = L —Cr X
\
where C; and C¢ and the initial and final concentrations of DOC (mg/L) in the water
samples, W (g) is the weight of tested adsorbent in the mixture, V (L) is the volume of the
synthetic or natural water sample.

\Y% 3)
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2.9. Adsorption Kinetic Models

To investigate the sorption kinetic models, AC and the optimized metal-coated ACs
were added to the humic acid solution and natural water samples at a dosage of 0.15 g/L.
The mixtures were shaken on a shaker for 5 to 1440 min. Then, the mixtures were filtered
through a 0.45 um filter and were tested for DOC and UVjs54. Pseudo-first order (PSO),
pseudo-second order, and Evolich models were fitted to the data to figure out the best
kinetic models.

3. Results and Discussion

3.1. Characterization of Adsorbents
3.1.1. Effect of Nitric Acid

Fly Ash

To evaluate the effect of nitric acid on the pore structure of adsorbents before physical
and thermal activation, elemental analysis was performed on CBPP-A0, CBPP-A5, and
CBPP-A10. The effects were also investigated through measurement of IN, MBV, BET
surface area, mesopore, and micropore volumes of adsorbents after physical activation.
The results of elemental analysis are presented in Table 3. The data from the treatment
with nitric acid at concentrations of 5 and 10% show a decrease in the levels of iron,
aluminum, copper, and calcium. The increase in the concentration of nitric acid shows
0.97 to 23.60 (mol x10~°) improvement in the removal of metals from the fly ash. However,
the doubled intensity of acid washing (i.e., from 5 to 10%) did not have the same effects
in the removal of all elements (i.e., zinc and copper). The magnitude of metal removal
depends on the type of metal (i.e., reduction potential) and strength of the acid. Nitric acid
solution with 0-10% concentration is categorized as very diluted with the capability of
dissolving most reactive metals (i.e., reduction potential < —0.4 V) [55]. The results show
that the chemical treatment of fly ash with nitric acid is a crucial step before activation.
The highest level of metal removal (molx 10~°) from the adsorbent precursor (i.e., CBPP
before activation) belongs to calcium that poses the lowest reduction potential value among
the listed metals in Table 3 [56] and the highest concentration of metal in the fly ash. An
increase in the concentration of nitric acid from 5 to 10% does not affect the reactivity of
the nitric acid [55]. However, an increase in the available oxidant in the acid solution has
resulted in an obvious improvement in the removal of calcium, magnesium, and aluminum
from the fly ash. The measured pH for three different types of nitric acid-washed fly ash
(i.e., CBPP A0, CBPP-A5, and CBPP A10) after several rinses with DDIW are 11.05, 3.45,
and 3.24. The ash and moisture contents for CBPP-AQ are 13.88 4+ 27 and 1.72 + 0.10,
respectively. The values for CBPP-A5 are 3.92 £ 0.05 and 0.47 & 0.05, respectively. The ash
and moisture content for CBPP-A10 are 3.62 + 0.05 and 0.43 & 0.05, respectively.

Table 3. The effect of nitric acid on elemental analysis.

Element Metal Content (ppm) Metal Removal (mol X 10~)
CBPP-A0 ! CBPP-A51 CBPP-A10 A0 A5 A10 Diff.
Iron 784 175.19 121 0.00 10.90 11.87 0.97
Aluminum 947 281.31 201 0.00 24.75 27.73 2.98
Magnesium 511 185.33 86 0.00 13.40 17.49 4.09
Zinc 11.72 9.07 6.75 0.00 <1 <1 NA
Copper 7.28 <2 <2 0.00 <1 <1 NA
Calcium 2656 1481 535 0.00 29.31 52.92 23.60

! Data retrieved from previous studies [18,27]. A0: nitric acid (0% wt:wt), A5: nitric acid (5% wt:wt), A10: nitric acid (10% wt:wt), CBPP:
Corner Brook pulp and paper fly ash, Diff.: metal removal (molx107%) = A10 — A5.
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Activated Carbon

To increase the absorption properties of acid-washed fly ash, 10 g of the samples
(CBPP-AQ, CBPP-A5, and CBPP-A10) were placed in the tube furnace (Carbolite Gero,
Germany). The furnace was programmed to increase the temperature at a rate of 15 °C/min
using nitrogen gas, with a rate of 500 cm®/min, to reach 850 °C for carbonization. Then,
the nitrogen flow was switched to a mixture of CO; gas (purity > 99.99%) and water
vapor, with a flow of 500 cm3/min, for two hours at the temperature of 850 °C, to perform
the activation process and to increase the porosity, which was described in the previous
research [18,26]. The importance of the surface area and the characteristics of the porous
structure of activated carbon are inevitable for the evaluation of adsorbents, which can be
measured by BET sorption. Methylene blue dye and iodine can be used as easy methods
for the estimation of the surface area and the porous structure of AC. MBV can express
estimation of the mesoporous volume and IN shows the microporous structure of AC [57].
The results of IN and MBYV for activated samples are presented in Figure 3. An increase
in the concentration of nitric acid has increased both MBV and IN. MBYV for the activated
carbon that was cleaned by 5 and 10% nitric acid are 214 and 265 mg/g, while the related
IN adsorption were 1023 and 1212 mg/g, respectively. Thus, a 23.77 and 18.47% increase for
MBYV and IN, respectively, were obtained by increasing the concentration of nitric acid from
5 to 10%. Thus, an increase in the concentration of nitric acid (i.e., from 5 to 10%) resulted in
better development of mesopore structure rather than micropores. The results agree with
earlier findings. El-Hindawy found that nitric acid increased the mesoporous structure
of activated corncob of the surface pores [34]. Another study on oil waste also showed
that treatment with HNOj3, even in moderate concentrations (i.e., at 5.2 N), improved the
mesoporosity of adsorbent [35]. As a result, AC-A10 was selected for further investigations
and metal coating.

1400 350
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1200 = MBV (mg/g) 300
_ 1000 250 3
2 E
= E
E | o
T 800 200 3
@ >

£

£ S
§ 3
Z 600 150 %
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Figure 3. The effect of nitric acid on methylene blue value and iodine number after activation.

The BET surface area and pore size distribution are ruling characteristics that show the
ability of the medium to remove the adsorbates [58]. N, adsorption isotherms of AC-AQ,
AC-A5, and AC-A10 are presented in Figure 4a—c. BET surface areas of 455.79, 726.83, and
808.29 m? /g were obtained for AC-A0, AC-A5, and AC-A10 accordingly. The pore volumes
0f 0.11, 0.18, and 0.21 cm3/ g have resulted, respectively. An increase in the concentration
of nitric acid solution increased the pore volume and BET surface area. The pore width
analysis for AC-A5 showed an average pore width of 9.2 nm, while the pore width for
AC-A10 was 10.5 nm. Thus, nitric acid positively contributed to the development of a more
porous surface structure and wider pores. The N, adsorption—desorption isotherm for AC-
A0 in Figure 4a belongs to type I isotherms, indicating a microporous structure. An increase
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in the concentration of nitric acid in Figure 4b,c demonstrates the change of isotherm to
type II with an increase in the amount of macropores and a mixture of monolayer and
multilayer adsorptions [59]. The results in gas adsorption agree with soaring values of
MBYV with an increase in nitric acid concentrations, which confirms the positive effect of
nitric acid in increasing the mesopores and macropores in AC-A10.

100 —— Absorption
50 ——Desorption

0 01 02 03 04 05 06 0.7 08 09 1
P/Ps

(a)

400

350
300
250
200
150

—— Adsorption
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50
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0
0 01 02 03 04 05 06 0.7 08 09 1
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(b)

Figure 4. Cont.
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Figure 4. N2 adsorption isotherm: (a) AC-AO0, (b) AC-A5, (c) AC-A10.

3.1.2. Metal Coating on Activated Carbon
Optimization and Metal Leach

Adsorption tests were performed in triplicate testing using natural water (i.e., water
samples 1 and 2) to determine the best dosage of metal impregnation on the fly ash-based
AC-A10 using ferric chloride and aluminum sulfate. Thus, AC-A10, Fe-AC, and Al-AC with
impregnation rates of 0.25 to 10.00% (wt:wt) of AC to metal ions were mixed with water
sample 1 at a dosage of 0.15 g/L. Adsorbents were in contact with water for 24 h to employ
the highest adsorption capacity of developed AC, as was resulted in the optimization
step. The performance of AC-A10 and modified AC (i.e., metal-coated) in DOC removal
are presented in Figure 5a,b. The highest NOM removal by Al-AC of 71.09 and 84.40%
was obtained by metal: AC ratio of 1% in water samples 1 and 2, respectively. The best
performance of Fe-AC has resulted in a metal: AC ratio of 0.75% with 63.07 and 74.32%
in water samples 1 and 2, respectively. The adsorption results on both water samples
revealed that modified AC with iron and aluminum had an increased DOC removal with
increasing metal to AC ratio up to 0.75% and 1.00% iron and aluminum, respectively. A
decrease in NOM removal was observed with higher impregnation rates. However, the
deviations in the removal of DOC in water sample 1 by Fe-AC were not as obvious as the
results obtained in water sample 2. Generally, AI-AC showed a higher NOM removal in
comparison to the iron-coated ACs in both water samples. Thus, the best modified AC
with metals is AI-AC 1% and Fe-AC 0.75%.

The results of ICP-OES on raw and treated water samples by Al-AC and Fe-AC with
metal: AC ratio of 0.25 to 5.5% are presented in Table 4. The results of the treated water
samples show that the highest concentrations of Al and Fe are 100 & 10 and 70 & 10 ppb, re-
spectively. The maximum allowable concentration of aluminum and iron in treated waters
according tosecondary drinking water regulation” are 200 and 300 ppb, respectively [60].
Thus, even with high levels of metal coating on the activated carbon (i.e., 10%), the metal
leaching from developed AC in this study was not observed. Further, the concentrations
of Al, Fe, and Ca in treated water samples were decreased. The results of Fe and Al
concentration show that Fe concentration has dropped to 0.05 mg/L in the treated water
sample by 1.00% AI-AC (i.e., removal = 68%) in comparison with the removal efficiency
of 56% by 0.75% Fe-AC. Therefore, the produced adsorbents in this research are safe for
water treatment.
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Figure 5. DOC removal by metal-coated activated carbons: (a) water sample 1, (b) water sample 2.
Table 4. Metal leaching by modified activated carbon during water treatment.
Metal Content (mg/L)
Water Sample
Fe Al Mg Ca Zn Cu As Mn Hg
Raw Water 0.16 0.13 6.66 2.41 0.017 <0.01 <0.02 0.009 <0.1
0.25% Al-AC ! 0.06 0.05 6.60 2.28 0.015 0.03 <0.02 0.036 <0.1
0.50% AI-AC! 0.06 0.06 6.65 2.30 0.016 <0.01 <0.02 0.023 <0.2
0.75% Al-AC ! 0.06 0.08 6.59 2.31 0.016 0.05 <0.02 0.011 <0.1
1.00% Al-AC! 0.05 0.08 6.66 2.36 0.018 0.01 <0.02 0.011 <0.1
3.25% Al-AC ! 0.06 0.09 6.57 2.30 0.016 <0.01 <0.02 0.009 <0.1
5.50% Al-AC ! 0.06 0.10 6.54 2.31 0.018 0.04 <0.02 0.008 <0.1
0.25% Fe-AC ! 0.06 0.04 6.63 2.48 0.017 <0.01 <0.02 0.053 <0.1
0.50% Fe-AC ! 0.07 0.04 6.81 2.42 0.016 <0.01 <0.02 0.044 <0.1
0.75% Fe-AC ! 0.07 0.04 6.63 2.34 0.012 <0.01 <0.02 0.037 <0.1
1.00% Fe-AC ! 0.07 0.05 6.56 2.33 0.013 0.03 <0.02 0.024 <0.1
3.25% Fe-AC ! 0.07 0.04 6.62 2.30 0.012 0.06 <0.02 0.009 <0.1
5.50% Fe-AC ! 0.06 0.05 6.56 2.34 0.013 0.04 <0.02 0.023 <0.1

1 Treated water samples with modified activated carbon. Al-AC: aluminum coated activated carbon, Fe-AC: iron coated activated carbon.

Characterization of Metal Coated Activated Carbon

The BET surface area, micropore volume, Langmuir surface area, MBV, IN, zero
potential pH, and particle size by Zetasizer for AC-A10, 0.75% Fe-AC, and 1.00% Al-AC
are presented in Table 5. The results from the N, adsorption isotherm show that the metal
coating of AC decreases surface area and micropore volume (i.e., AC-A10 > 1.00Al-AC
> 0.75% Fe-AC). The results of DOC adsorption by AlI-AC and Fe-AC showed higher
NOM removal by Al-AC compared to Fe-AC. The results agree with the lower surface
area and Langmuir surface area of 0.75% Fe-AC in comparison to Al-AC. In addition,
the iodine numbers of 931 and 925 mg/g for Fe-AC and 1.00 Al-AC demonstrate a more
microporous structure for 0.75 Fe-AC. The iodine adsorption showed a significant decrease
by metal coating on AC, which shows that a small portion of micropores (i.e., 4.7 to 10.8%
of Langmuir surface area) have been blocked by metal oxides.
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Table 5. Metal leaching by modified activated carbon during water treatment.

Surface Area Micropore Langmuir Surface MBV . "
Sample (BET) (m?/g)  Volume (cm3/g) Area (m?/g) (mg/g) IN (mg/g) PHpzc  Size (dnm)
AC-A10 808.29 0.21 995.65 265 1212 5.98 2039
1.00% Al-AC 783.29 0.18 948.92 234 925 6.61 1976
0.75% Fe-AC 709.89 0.19 888.09 226 931 6.43 2620

AC: activated carbon, BET: Brunauer, Emmett, and Teller, IN: iodine number, MBV: methylene blue value, pHpzc: pH of zero potential
charges, AI-AC: aluminum coated activated carbon, Fe-AC: iron coated activated carbon, * size (d. m): measured particle size by Zetasizer.

The SEM results for CBPP-A10, AC-A10, 1.00% Al-AC, and 0.75% Fe-AC are presented
in Figure 6a—d. The captured images demonstrate a high share of macropores and meso-
pores in a high surface area (808.29 m?/g) of AC with 10% nitric acid (Figure 6b). Metal
coatings on AC have decreased the porous structure of the surface of AC (Figure 6¢,d). The
captured images agree with the results for BET surface areas. The images demonstrate an
uneven morphological structure in metal-coated AC with aluminum and iron. The surface
of CBPP-A10 and AC-A10 are smoother with wider pores.

-_— 100nm JEOL 4/18/2019
x50,000 15.0kV LED SEM WD 12mm 09:12:32

— lpm  JEOL 10/18/2019
15.0kV LED SEM WD 12mm  09:14:03

— "100nm JEOL 10/18/2019

— 100nm JEOL 4/30/2019
x50,000 15.0kV LED SEM WD 12mm 11:20:19

15.0kV LED SEM WD 12mm 10:36:47

Figure 6. Scanning electron microscopy images for (a) CBPP A-10, (b) AC-A10, (c) 1% Al-AC, (d) 0.75% Fe-AC.
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3.2. Optimization of Dose

Optimization was performed for finding the most efficient dosage (i.e., highest ad-
sorption capacity and lowest dosage resulting in DOC removal > 50%) of developed ACs.
The experimental design included 22 factorial runs, six CCD experiments, and three center
points that were randomized and combined using Design Expert (version 10.0.8, 2017).
Three factors of pH, dosage and contact time were investigated, where the studied ranges
for variables are: pH: 4-10; time (h): 0.5-24; and dosage (g/L): 0.05-0.50. The results of the
experiments on DOC removal (response 1) and adsorption capacity (response 2) are pre-
sented in Table S1 in the Supplementary Material (SM). The maximized adsorption capacity
was 18.25 mg/g that was obtained in a combination of variables (dosage: 0.14 g/L; pH:
5.26; and contact time: 19 h). The highest removal efficiency for DOC was 76.92% at pH of
7,a dosage of 0.275 g/L of AC, and a contact time of 24 h. In general, the efficiency of DOC
removal increased with the increase of AC dosage (i.e., 0.25-0.50 g/L) and contact time
(i.e., 24 h). A 3D plot of the responses versus time and dosage is presented in Figure 7a,b.
The ANOVA for ge and DOC removal are presented in Table 6. The models’ terms with
p-value < 0.05 were significant and were included in the regression. However, the ANOVA
table for all the main factors, two-factor interactions, and quadratic terms are presented in
Tables 52 and S3 in Supplementary Materials. The R?, Rzadjusted, and Rzpredicted were used
to investigate the precision of the models. No substantial variation was observed between
the terms, which demonstrates the precision of models in fitting data and prediction of
new points using the models. The adequacy of models was investigated with the normality
of residuals. The normal plots for the residuals are presented in Figure Sla,b in Supple-
mentary Materials. The main significant factors in both models in the order of magnitude
are concentration > pH > contact time. Moreover, the quadratic terms of Dose? and pH?
had p-values less than 0.05 and were included in the models in Equations (2) and (3).

Ln(DOC) = 1.636 + 0.0131Time -+ 5.078Dose + 0.526pH — 6.756Dose? — 0.046pH?  (4)

Ln(qe) = 1.851 + 0.0131Time — 5.463Dose + 0.576pH + 4.217Dose” — 0.049pH?  (5)

where the actual levels of the variables are mentioned in Table 1. Adsorption can be an
economical process if the cost efficiency of the adsorbent can be maintained. To prevent
consumption of excess adsorbent, an optimization of AC was performed to minimize ad-
sorbent dosage and maximize the efficiency of adsorption (i.e., highest adsorption capacity
and lowest adsorbent dosage). A desirability function using Design-Expert software was
performed to find the optimal conditions. The best result at the highest desirability value
revealed that 0.141 g/L of AC and the maximum contact time of 24 h can result in a ge
of 32 mg DOC/g. The results were used for the kinetic studies on AC, 0.75% Fe-AC, and
1.00% Al-AC.

Table 6. ANOVA results obtained for DOC removal and adsorption capacity.

Responses R? Ri djusted R%,r edicted F-Valueygge1  p-Valueyogel
DOC removal 0.95 0.93 0.87 46.10 <0.0001
Qe 0.97 0.96 0.93 92.65 <0.0001

DOC: dissolved organic carbon, qe: adsorption capacity (mg/g).
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Figure 7. 3D surface plots for (a) the effect of Dose x Time on DOC removal (%), (b) Dose and Time on adsorption capacity,
qe, (mg/g), (c) Dose and pH on qe (mg/g), and (d) Time and pH on qe.

3.3. Equilibrium Adsorption Isotherms

Langmuir and Freundlich are the widely used models in studies related to water
treatment using AC [61] and removal of HA from water using adsorption [62]. The Temkin
model has also been used in previous studies [63]. In this research, Langmuir, Freundlich,
and Temkin models were investigated. The models are represented as:

. KLque
e = 1+ K Ce ©)
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g = KiCer (7)
d. = BIn(A) 4 BIn(Ce) 8)

where, q, (mg/g) = equilibrium adsorption capacity, q,, (mg/g) = maximum adsorption ca-
pacity, Ce (mg/L) = concentration of adsorbate (i.e., DOC) at equilibrium,
K1, (L/mg) = Langmuir equilibrium constant, an indicator of affinity of the binding sites,
K¢ (L/g) = Freundlich constant, B = RT /b, b (J/mol) = Temkin sorption heat constant, A is
isotherm constant in Temkin model [62-64]. The data from adsorption isotherms for 1%
Al-AC, 0.75% Fe-AC, and AC-A10 were best fitted to the Langmuir model. The Langmuir
isotherm is a dynamic equilibrium, which relates the adsorption to the available open sites
in the surface and indicates a proportional relationship between desorption and blocked
pores [64]. The adsorption isotherms for DOC removal from natural and synthetic water
samples are presented in Figure 8a—f. The results indicate that the adsorption capacity of
AC in natural water (i.e., the mixture of all NOM fractions (VHA, SHA, CHI, and NHI))
is higher than HA-synthesized water. Past studies showed that the adsorption of NOM
to AC depended on the molecular size and NOM type [65]. NOM with low molecular
weight is more prone to be removed from water by adsorption [61], which is consistent
with the findings in this study [66]. The higher adsorption capacities of metal-modified
ACs (i.e., 1% Al-AC and 0.75% Fe-AC) than non-modified AC (i.e., AC-A10) can be justified
by a more positive charge on metal-coated AC. The negative surface charge of AC-A10
results in less affinity of AC to NOM. Metal ions (i.e., AI** and Fe®*) on the surface of
AC affect NOM adsorption positively in natural water’s pH due to the negative charge
of NOM molecules with carboxyl and hydroxyl groups. Thus, NOM are adsorbed to the
metal-coated AC [67]. The parameters for Freundlich and Temkin models are presented in
Table S4 of Supplementary Materials.
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Figure 8. Langmuir equilibrium isotherm models for NOM removal by (a) 1% Al-AC in natural water, (b) 1% Al-AC in
synthesized water, (c) 0.75% Fe-AC in natural water, (d) 0.75% Fe-AC in synthesized water, (e) AC-A10 in natural water,
(f) AC-A10 in synthesized water. AC: activated carbon, KL: Langmuir equilibrium constant (L/mg), qmax: maximum

adsorption capacity (mg/g), R?: coefficient of determination.

A comparison of the maximum adsorption capacity, BET, and sources of AC are
presented in Table 7. In the past studies, qmax for HA and DOC adsorption was in the
ranges of 18.91-76.92 and 2.21-51.81 mg/g, respectively. A comprehensive study on eight
different commercial granular-activated carbons with a specific surface area of 809 to
1419 m? /g in batch and microcolumn tests revealed that q. were in a range of 1.19-27.1 mg
DOC/g [31]. Impregnation of commercial AC with maghemite (MPAC) showed that the
modified AC had a lower affinity in NOM, and the BET surface area was decreased from
769 m? /g in non-modified AC to 575 m?/g in MPAC [17]. However, the obtained results
showed that the metal impregnation on AC increased the adsorption capacity of AC by

35.06 to 44.31%.
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Table 7. The characteristics of AC for DOC adsorption in recent studies.

Langmuir
Source of Surface Area Water Target Qmax
Adsorbent Adsorbent (BET) (m?/g) Sample Adsofbate Co(r;(s[t‘;)mt (mg/g) Reference
AC-A10 Fly ash 808.29 Natural DOC 0.2726 87.59 This study
1.00% Al-AC Fly ash 783.29 Natural DOC 0.2598 118.30 This study
0.75% Fe-AC Fly ash 709.89 Natural DOC 0.1248 126.40 This study
AC-A5 Fly ash 847.26 Natural DOC N/A 3.70 [28]
AC Coconut palm 715.50 Synthesized DOC 0.489 51.81 [68]
AC Coconut shell 808 Synthesized DOC 1.17 221 [69]
AC Bituminous coal 852 Synthesized DOC 7.34 27.60 [69]
Non-modified GACs 8 CAC 809-1419 Synthesized DOC N/A 1.191-27.1 [31]
Non-modified CAC 659 Synthesized Humic Acid N/A 20.39 [70]
H3PO4 AC CAC 711 Synthesized Humic Acid N/A 25.64 [70]
H,S04 AC CAC 724 Synthesized Humic Acid N/A 18.91 [70]
ZnCl, AC Agricultural waste 970 Synthesized Humic Acid 0.22 76.92 [71]
GAC CAC 1100 Synthesized Humic Acid 0.004 16.66 [72]
HNO3; PAC CAC N/A Synthesized Humic Acid 0.0086 76.92 [72]

AC: activated carbon, DOC: dissolved organic carbon, qmax: maximum adsorption capacity (mg/g), KL: Langmuir equilibrium constant
(L/mg), CAC: commercial activated carbon, GAC: granular activated carbon, MPAC: maghemite impregnated powder activated carbon.
1 Equilibrium adsorption capacity is reported.

3.4. Kinetic Studies

The performance of the developed AC (i.e., AC-A10, 0.75% Fe-AC, and 1% Al-AC)
was evaluated by adding 0.15 g/L of AC (optimum dosage) to natural and synthetic water
samples, and DOC was measured between 5-1440 min of dosing. The results are plotted in
Figure 9. The widely used kinetic models, including pseudo-first order (PFO) (Equation (9))
and pseudo-second order (PSO) (Equation (10)), were assessed to investigate the adsorption
mechanism of NOM removal [73].

d
R ICAEY ©)
dq 2

= kelde—a) (10)

where q; = adsorbed amount of adsorbate at time (t); k; = PFO rate constant (h~1); k, = PSO
rate constant (g/mg-h); qe = the adsorption capacity at equilibrium.
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Figure 9. Adsorption kinetics for 0.75% Fe-AC, 1%AI-AC, and AC-A10. N: natural water, S: synthe-
sized water, AC: activated carbon, qe: adsorbed mass (mg DOC/g).
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PSO describes an adsorption process corresponding to the available sites on the
adsorbent. The motivative force in PSO is proportional to the non-blocked adsorbent sites.
The results showed that PSO was the best fitted kinetic model for all three ACs in this study
and the calculated parameters are presented in Table 8. The highest efficiency in DOC
removal was related to 1.00% Al-AC with the lowest k; of 0.0011 g/mg.h. The constant
rates for 0.75% Fe-AC and AC-A10 are 0.0014 and 0.0082 g/mg.h, respectively. The high
adsorption rate of metal-coated AC is in agreement with previous studies, which showed
that iron species were effective in removing NOM and HA from water through catalyzing
effects on oxidation and adsorption [74]. The surface chemistry of AC also influences the
absorptivity of NOM. A positive charge on the surface of modified AC enhances NOM
removal [37].

Table 8. The fitted kinetic model for the adsorption.

Adsorbent S‘;V;:;;e Model A;{:;fﬁ; te k; and kq R?
0.75% Fe-AC Natural PSO DOC 0.0014 0.9981
1.00% Al-AC Natural PSO DOC 0.0011 0.9983

AC-A10 Natural PSO DOC 0.0082 0.9992
0.75% Fe-AC Natural 30 min-PFO DOC 0.077 0.9971
1.00% Al-AC Natural 30 min-PFO DOC 0.086 0.9999

AC-A10 Natural 30 min-PFO DOC 0.048 0.9971

AC: activated carbon, PSO: pseudo-second order, DOC: dissolver organic carbon, ki: PFO constant (h1), ko: PSO
constant (g/mg-h), R?: correlation coefficient.

Figure 9 demonstrates higher adsorption rates of metal-coated AC in the first 30 min
of adsorption in comparison with AC-A10. To evaluate the adsorption rates of ACs, the
constant rates for the first 30 min k; are reported (Table 8) as 0.077, 0.086, and 0.048 for
0.75% Fe-AC, 1.00% Al-AC, and AC-A10, accordingly. The metal coating improved the
adsorption of DOC by up to 43% in the first 30 min. Previous studies reported that iron
oxide enhanced the removal of high molecular weight NOM with UV absorbance higher
than 280 through adsorption. The obtained results showed a higher initial DOC uptake
in iron-coated pumices [75,76]. A past study reported that 60-70% of FA were adsorbed
to the magnetic oxides in the first 1020 min, and a pseudo-second order kinetic model
was fitted to the data showing the effect of physiochemical adsorption [76]. Their reported
data showed that more than 50% of HA was adsorbed to the adsorbent in the first 10 min.
This is possibly due to the break of high molecular weight because of oxidation and the
ligand exchange between functional groups of NOM (i.e., carboxyl/hydroxyl) and cations
(i.e., aluminum and iron oxides) [77]. In addition, the break-in HMW NOM makes the
hidden proper functional groups available [76] and increases the adsorption kinetic rates.
The adsorption results for DOC in natural water for all three selected ACs in the present
study were higher than the synthesized water containing HA. This can be due to better
adsorption of low molecular weight NOM into ACs pores comparing to HA with large
molecular sizes.

To evaluate the performance of AC-A10 and metal-coated ACs on the removal of
the precursors of HAA5 and THM4 from natural water samples, the formation potential
of HAA5 and THM4 was measured within 72 h of chlorination. The developed AC
was mixed with natural water samples at a dosage of 0.02 to 0.50 g/L for 24 h. The
treated water samples were tested for HAA5 and THM4. The results showed that the
maximum adsorption capacities of HAAS precursors at equilibrium (qe) were 39.74, 34.03,
and 22.44 mg/g for 1.00% Al-AC, 0.75% Fe-AC, and AC-A10, respectively. The qe values
for THM4 were 60.20, 52.25, and 42.78 mg/g, indicating that metal-coated ACs showed
enhanced removal of THM4 (22.1% and 40.7% for Fe-AC and Al-AC, respectively) and
HAADS precursors (51.6% and 77.1% for Fe-AC and Al-AC, respectively). Beyond the first
30 min, no model was found to satisfy the data (Figure 9 and Table S2)
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4. Conclusions

Low cost activated carbon was developed using fly ash from a local pulp and paper
company for removing NOM from natural and synthetic water samples. The chemical
activation using nitric acid concentration of 10% increased the surface area and improved
mesoporosity of the developed AC-A10. Optimization of adsorption capacity showed
that a dosage of 0.15 g/L of AC for 24 h would result in the maximized adsorption of
DOC. Metal coating on AC-A10 using three valent ions of Fe and Al derived from ferric
chloride and aluminum sulfate were optimized for the adsorption of DOC. The ratio of Al:
AC of 1.00% and Fe: AC of 0.75% resulted in 44 and 35%, respectively, improvements in
the adsorption capacities for DOC in comparison to AC-A10. However, a decrease in the
surface area of the ACs was observed. The ACs were more effective in removing NOM
from natural water samples than the synthetic water samples, which can be related to the
better performance of AC in removing the low molecular weight NOM. The adsorption
capacity of 1.00% Al-AC and 0.75% Fe-AC showed 77 and 51% improvement in HAAS5
reduction, and their performances in THM4 reduction were 40.7 and 22.1%, respectively.
The adsorption characteristics of 1.00% Al-AC outweigh the performance of 0.75% Fe-AC
in NOM removal. The elemental analysis on the natural and treated water samples showed
the ability of 1.00% AI-AC in removing Fe from water, which can be beneficial to the small
water systems in NL with high levels of iron in the sources of drinking water.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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