Journal of Water Process Engineering 40 (2021) 101931

Contents lists available at ScienceDirect

JOURNAL OF
WATER PROCESS
ENGINEERING

Journal of Water Process Engineering

FI. SEVIER

journal homepage: www.elsevier.com/locate/jwpe

L)

Check for

The comprehensive evaluation model and optimization selection of ol
activated carbon in the O3-BAC treatment process

Zhou Yu?, Li Weiying®*, Qi Wanqi”, Chen Sheng”, Tan Qiaowen”, Wei Zhongqing”,
Gong Longcong®, Chen Junyu’, Zhou Wenying®

& School of Environmental Science and Engineering, Tongji University, Shanghai, 200092, China
b Fuzhou Water Affairs Investment Development Co., Ltd., Fuzhou, 350000, China

¢ Fuzhou Water Co., Ltd., Fuzhou, 350000, China

d Xiamen Urban Planning and Design Institute, Xiamen, 361001, China

¢ Taiyuan Water Authority, Taiyuan, 030000, China

ARTICLE INFO ABSTRACT

Keywords: Severe organic pollution in surface water worldwide has put forward higher requirements for new water

Activated treatment technologies. Due to the characteristics of large specific surface areas and strong adsorption of organic

gar]?or_l . matters, granular activated carbon has been widely used in water treatment. Currently, little research has been
ptimization

carried out on comprehensive evaluation models for the adsorption and hardness of activated carbon, coursing in
a lack of a scientific and comprehensive selection process. Twenty-one kinds of activated carbon (briquetted
carbon, cylindrical carbon, cylindrical broken carbon, and broken carbon) produced by seven companies were
selected in this study. A comprehensive evaluation model of activated carbon water purification performance
was developed. This study not only contained static and dynamic adsorption tests but also included hardness
characteristic analysis, and the analytic hierarchy process (AHP) was used to determine the weight of each factor.
The results indicated that briquetted carbon performed best in terms of comprehensive performance of activated
carbon, to be followed by cylindrical carbon, cylindrical broken carbon, and broken carbon consecutively. Owing
to the highest total pore volume (0.581 m® g~1) and the highest content of oxygen-containing functional groups,
the best performance of briquetted carbon was corroborated by the analysis of physicochemical properties, and
the model was reasonable. The research provides a theoretical basis that has important implications for the
optimization selection of activated carbon.

Advanced water treatment process
Static adsorption
Dynamic adsorption

1. Introduction especially with regard to the removal of organic and emerging con-

taminants [8-10]. Due to the high specific surface area and hydrophobic

More and more surface water sources have been polluted by indus-
trial, livestock, and agricultural wastewater discharge. Increases in
organic, inorganic, and microbial contamination in source water bring
in concern of water quality [1], including color, taste, odor, biological
instability as well as disinfection byproducts (DBPs) [2-7]. Thus,
drinking water safety has become a priority for environmental com-
munities worldwide. The water treatment process plays an essential role
in reducing serious illnesses associated with waterborne diseases.
Although traditional water treatment processes are excellent for the
removal of some contaminants such as suspended solids, colloidal sub-
stances, and bacteria from water, they are still unable to satisfy the re-
quirements of progressively higher drinking water quality standards,
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interactions as compared to conventional materials, activated carbon
shows high potential for controlling heavy metals, organic pollutants,
and microorganism removal in drinking water [11-13] and effectively
improve water quality [14], the ozone-activated carbon has been widely
used in water purification processes [15]. The granular activated carbon
(GAC) has been listed as the most effective technique to deal with 51
organic pollutants in the United States Environmental Protection
Agency (USEPA) Drinking Water Standard [16].

The selection of granular activated carbon and its operation and
maintenance has become the research hotspots in the ozone activated
carbon process [17], the basis of its selection and parameter optimiza-
tion is crucial. At present, most researchers consider the evaluation of a
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Table 1
Number of activated carbon samples.
Category 1 (Briquetted 2 (Cylindrical 3 (Cylindrical 4 (Broken
carbon) carbon) broken carbon) carbon)
Companies
A A2 A3
B B1-1, B1-2 B3-1, B3-2
C C1 c2 C3 C4
D D3
E El E2 E3 E4
F F2 F3
G Gl G2 G3 G4

Note: The letter represents the production enterprise, the number after the letter
represents the type of carbon, and the number after the “-” means the type of
activated carbon in the same category.

single type of activated carbon, mainly based on the physical properties
(specific surface area, pore-volume, particle size and strength, ash
content, water content, loading density, etc.), and the indicators of
adsorption capacity (iodine value, methylene blue [18,19], carbon tet-
rachloride adsorption capacity, etc.) [20,21]. However, there are many
different types of activated carbon. The evaluation methods of the
characteristics and removal performance of activated carbon have not
been comprehensively investigated, leading to the lack of scientific and
overall selection of carbon species.

Based on static and dynamic adsorption assays, combined with the
hardness characteristics analyses, we conducted a bench experiment to
select excellent activated carbon in this paper. It developed a compre-
hensive evaluation method of the performance of activated carbon for
water purification.

2. Experimental methods and materials
2.1. Experimental materials

Twenty-one kinds of activated carbon (including briquetted carbon,
cylindrical carbon, cylindrical broken carbon, and broken carbon) pro-
duced by seven companies were selected. As shown in Table 1, they were
numbered in accordance with the manufacturers and their categories to
carry out a test of blind selection. The corresponding manufacturing
information was shown in Table S1.

2.2. The static adsorption assay

Static adsorption includes iodine adsorption value and methylene
blue adsorption value. The iodine adsorption value was determined

Journal of Water Process Engineering 40 (2021) 101931

following the “Test Method for Granular Activated Carbon From Coal-
Determination of iodine adsorption” (GB/T 7702.7-2008) [22], and
the determination of the methylene blue adsorption value was deter-
mined following “Test Method for Granular Activated Carbon From
Coal-Determination of methylene blue adsorption” (GB/T 7702.6-2008)
[23,24].

2.3. The dynamic adsorption assay

The device for the activated carbon dynamic adsorption consisted of
a regulating water tank, a peristaltic pump (River YZ15), and an acti-
vated carbon column, as shown in Fig. 1. The activated carbon column
has an inner diameter of 15 mm and a length of 600 mm. From bottom
to top, 10—20 mm gravel (particle size 6—8 mm) and 300 mm optional
granular activated carbon were sequentially packed. Stone and optional
granular activated carbon were washed with distilled water before
filling. The wet packing method was specified for filling.

The tap water was used as feedwater, and sodium thiosulfate was
added to the tap water (1.2:1) to neutralize the remaining chlorine in
this paper. The water flowed past the activated carbon column from top
to bottom, as shown in Fig. 1. The flow rate was 9 m/h. Water quality
parameters, including turbidity, UVas4, and DOC, were tested from the
inlet and outlet water.

2.4. The hardness assay

The hardness of activated carbon was carried out, according to the
“Test Method for Granular Activated Carbon from Coal-Determination
of Hardness” (GB/T 7702.3-2008) [25]. The activated carbon sample
was put into a unique instrument equipped with a certain number of
stainless-steel balls, rotated and regularly beat. The sample’s mass
retained on the assay sieve after the assay accounts for the percentage of
the sample’s total mass as the hardness of the activated carbon.

2.5. Detection of pore size and surface area of activated carbon

Activated carbon pore size and surface area parameters were
detected by the constant temperature gas adsorption method. According
to BET (Brunauer-Emmett-Teller) and t-plot curves, the specific surface
area, micropore specific surface area, and pore volume of activated
carbon were obtained. The specific surface area and pore analysis of
activated carbon adopt Micromeritics, with the model ASAP 2020
V4.03.
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Fig. 1. The device for the activated carbon dynamic adsorption.
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Fig. 2. Static adsorption values of activated carbon.(A)Iodine adsorption value of 21 kinds of activated carbon. (B)Methylene blue adsorption value of 21 kinds of activated
carbon. (C)lodine adsorption value of four types of activated carbon. (D)Methylene blue adsorption value of four types of activated carbon.

2.6. Infrared spectroscopy detection of functional groups on the activated
carbon surface

A Fourier Transform Infrared Spectrometry Analyzer (Nicolet 5700,
Thermo Scientific) was used for the qualitative detection of functional
group types on the surface of activated carbon. The scanning range was

400—4000 cm™ " and the resolution was 1 cm™.

2.7. Boehm titration of functional group content on the activated carbon
surface

The most important functional groups on the surface of activated
carbon include carboxyl, lactone, carbonyl, and phenolic hydroxyl
groups, which are acidic in water and can be quantified by alkaline
liquid titration with different intensities. According to the Boehm
titration method [26-28], NaHCOs3 can neutralize carboxyl groups,
NayCOs3 can neutralize carboxyl and lactone groups, and NaOH can
neutralize carboxyl, lactone, and phenolic hydroxyl groups, so the
content of carboxyl, lactone, and phenolic hydroxyl groups can be
calculated by titration with NaHCO3, Nay,CO3, and NaOH solutions,
respectively. The operation of the Boehm titration method in this study
was modified based on the previous assay.

2.8. The analytic hierarchy process (AHP)

AHP is a systematic and hierarchical analysis method that combines
qualitative and quantitative approaches. It is a systematic and hierar-
chical approach to analyse a system that consists of many factors that are
inter-related and inter-constrained and lack of quantitative data. The

AHP analysis we used which was divided into four steps: (1) establishing
a recursive hierarchy, (2) constructing a judgment matrix in each level,
(3) single ranking and consistency check, and (4) total ranking and
consistency check. In this study, the decision objective of the hierarchy
is the optimal activated carbon selection scheme G. We determined that
the criterion layer A contains static adsorption index A;, dynamic
adsorption index Ay, and hardness index As. The judgment matrix
constructed by comparing the strong and weak relationships between
factors on the influence of the decision problem, and the consistency of
the test results of the matrix judged by the consistency ratio (CR) and the
consistency quantification index (CI).

2.9. Other analytical measurements

A total organic carbon analyzer (TOC-LCPH) was used to measure the
DOC of water samples. A UV-vis spectrophotometer (Thermo Evolution
201) was used to measure the UVy54. IBM SPSS Statistics-25, conducted
with Microsoft Excel software package (Microsoft Corporation, USA),
was used to compare the statistical difference between two sets of data.
Linear regression was performed using OriginPro 2018 software pack-
ages (OriginLab, USA).

3. Results and discussion
3.1. The static adsorption assay
Iodine adsorption values of 21 kinds of activated carbon were shown

in Fig. 2A. The iodine adsorption value ranged from 583—944 mg/g, and
the average value was 817 mg/g. Methylene blue adsorption values of
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Fig. 3. The C./Cy values of UV,s4 and DOC for different activated carbons.(A)C,./Co- UV2s4value of activated carbon from company B. (B)C./Co- UVas4value of activated
carbon from company C. (C)C,/Cy-DOC value of activated carbon from company B. (D) C,/Cy-DOC value of activated carbon from company C.

21 kinds of activated carbon were shown in Fig. 2B. The values of
methylene blue adsorption of 21 kinds of activated carbon ranged from
145 to 227 mg/g, and the average value was 177 mg/g.

The iodine value is closely related to the ability of activated carbon to
adsorb small molecules. It can be used to estimate the specific surface
area of the activated carbon and to relatively characterize the pore
structure of the activated carbon. As shown in Fig. 2C, the order was
briquetted carbon>cylindrical broken carbon > cylindrical carbon-

> broken carbon.

The methylene blue value of liquid-phase adsorption of activated
carbon mainly reflects the decoloring ability of the activated carbon,
with a higher value indicating better adsorption performance. Methy-
lene blue adsorption values of the four types of activated carbon were
equivalent(P > 0.05). The order was briquetted carbon>cylindrical
broken carbon > cylindrical carbon > broken carbon, as shown in
Fig. 2D.

The adsorption performance index values of briquetted carbon were
higher than those of the other three types of activated carbon, reached or
approached the national standard of superior activated carbon. The re-
sults showed a large number of micropores, mesopores, and macro-
podids and a highly developed pore structure. The iodine value of
broken carbon was only 788 mg/g, which obviously could not reach the
requirement of qualified products, and its value of methylene blue
(161 mg/g) was the lowest among the four types of activated carbon,
even though it slightly exceeded the qualified line, it indicated that
compared with the other three types of activated carbon, the activation
degree of broken carbon was lower and the pore structure was less
developed.

3.2. The dynamic adsorption assay

The example of four activated carbon types from production com-
panies B and C was shown in Fig. 3. During the 30 days’ continuous
operation of the dynamic adsorption equipment, Similarly, the UVas4
and DOC removal efficiencies of the different types of activated carbon
columns were high at the beginning of the operation and then gradually
decreased, i.e., the values of C./Cy gradually increased (C. represents
the value of effluent UVys4 and the concentration of effluent DOC, Co
represents the value of influent UVy54 and the concentration of influent
DOCQ). In particular, cylindrical carbon and cylindrical broken carbon
showed the most significant reduction in removal rates. In contrast, the
removal of briquetted carbon was relatively excellent. After 14 days of
operation, the values of C./Cy reached a relatively stable stage. It
showed that the stabilization values of C./Cy for briquetted carbon (B1-
1), (B1-2), and (C1) were all lower than those of the other three types of
activated carbon, UVss54 and DOC values of which are all below 0.5 and
0.9, respectively. Briquetted carbon had a shorter time to reach stabi-
lization values, approximately ten days, which were an obvious
advantage. There were slight fluctuations in the UV354 and DOC removal
rates of all four types of activated carbon, mainly due to fluctuations in
the quality of the raw water during the assay period.

The average removal efficiency of UVjs4 for 21 kinds of activated
carbon was 16.90-77.35 %. As shown in Fig. 4A, briquetted carbon
(B1-1) attained a higher UVys54 removal efficiency (77.35 %). The dy-
namic adsorption assay was designed to compare the adsorption effect of
different activated carbons on organic matter. Therefore, an experi-
mental bench plant was set up in parallel and operated continuously for
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30 days without backwashing, so the average removal efficiency of DOC
was very low. The average removal rate of DOC for different activated
carbon ranged from 0.21 to 44.04%, and the briquetted carbon (B1—1)
achieved higher DOC removal efficiency (44.04 %). As shown in Fig. 4B,
there is a significant difference in the removal effect of DOC on different
activated carbons. (P < 0.05).

As shown in Fig. 4C and D, the analysis was based on the average
removal effect of the four types of activated carbon we selected for DOC
and UVas4, there is an apparent difference in the average removal effi-
ciency of UVys4 and DOC between the four types of activated carbon

(P < 0.05). The order was briquetted carbon>cylindrical broken car-
bon > broken carbon > cylindrical carbon. The briquetted carbon had a
significant advantage, shown by the higher removal efficiency compared
with the other three types of carbon (P < 0.05). At the same time, the
discrepancy between cylindrical broken carbon and broken carbon was
minuscule (P > 0.05).

3.3. Hardness

The hardness range of 21 kinds of activated carbon was 85-98 %, and
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the average value was 94 %. As shown in Fig. 5A, the hardness of
different activated carbon was equivalent, whose difference was slight
(P > 0.05).

As the damage of activated carbon during transportation, back-
washing and regeneration are considered in the practical application of
activated carbon, hardness and coefficient of friction are the primary
control indicators in the selection of activated carbon, and it is impor-
tant to select activated carbon with the hardness and coefficient of
friction as high as possible. If the hardness is low, the structure of the
carbon is loosened, and it will cause the carbon particles to fall off
during backwashing, which will lead to biosecurity issues in the water
supply because of the ability of microorganisms to adhere to the surface
of the carbon particles. Refer to GB and AWWA standards: hardness
values of 90 %. Four types of activated carbon were shown in Fig. 5,
briquetted carbon with a hardness range from 90 % to 96 %, and the
average value was 93 %, cylindrical broken carbon with a hardness
range of 91-97 %, with an average value of 94 %, broken carbon with a
hardness range of 85-96 %, with an average value of 91 %, and cylin-
drical carbon with a hardness range of 92-98 %, with an average value
of 96 %. There is little difference in the hardness of the four kinds of
activated carbon, and they all met the requirements for application very
well (P > 0.05).

3.4. Comprehensive evaluation of activated carbon water purification
performance

3.4.1. Comprehensive evaluation model for the performance of activated
carbon in water purification

Based on the static, dynamic adsorption assay, and the hardness
characteristics of 21 kinds of activated carbon. We used the AHP to
confirm the weighting coefficient of each factor. A comprehensive
evaluation model of the water purification performance of activated
carbon had been developed to select the most suitable type of activated
carbon.

2 2
L=W > Aj+ W) By + WG e}
=1 k=1
I; —— A comprehensive score of activated carbon, i = 1,2,...... 21;
W;—— Static adsorption weighting coefficient,0.33;
W, —— Dynamic adsorption weighting coefficient,0.53;
W3 —— Hardness weighting coefficient,0.14;
Aj —— Aj(i=1, 2...,21;j =1,2) the normalized score of static

adsorption parameters, where the normalized score of iodine adsorption
Aj;. The normalized score of methylene blue adsorption value Ajs;

Bikx —— Bi(i=1, 2...,21; k=1,2) the normalized score of dy-
namic adsorption parameters, in which the value of UVas4 adsorption is
Bi1, the value of DOC adsorption is Bj;

Ci —— Gi(i =1,2...,21) represents the normalized hardness score.

Ay, By, C; were calculated by the formula:

Y — min{Z}
- max{Z}-min{Z} 2)
X —— Aij, Bik; Cl(l = 1, 2,21,_] = 1,2, k= 1,2),

Y—— aj, by, ¢ (i=1,2...,21;j=1,2,k =1,2);

Z——aj,b,c(i=1,2.,21;j=1,2,k=1,2);

a; (i=1,2...,21; j =1,2) represents the adsorption value of iodine
(j = 1) or methylene blue (j = 2) of activated carbon i;

bix(i=1,2,...... ,21; k =1, 2) represents the 30-day average removal
rate of UVys4 of activated carbon i (k = 1) or that of DOC (k = 2);
c(i=1,2,...... ,21) represents the hardness of activated carbon i.

3
dwi=1 3
i=1
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Fig. 6. The weight distribution result of each factor.

i=1,2,3.

The static adsorption performance includes iodine adsorption and
methylene blue adsorption. These two parameters may be related to the
biomass of microorganisms attached to the activated carbon to some
extent [29]. The iodine adsorption and methylene blue adsorption
values do not directly characterize the adsorption capacity of activated
carbon for natural organics because the iodine and methylene blue
values characterize the developed pores with diameters of 1.0 -5.0 nm
and 2 -10.1 nm, respectively [30], and the molecules of natural organics
are larger than these pores, therefore, the adsorption of natural organics
by activated carbon mainly occurs in transition pores with larger pore
sizes [29,31]. However, it was found that activated carbon with a larger
pore size of 3—10 nm was more effective against removing organic
macromolecules, and the biomass attached to activated carbon was
closely related to the pore size less than 5 nm (R > 0.97) [32], which
may be related to the mechanism of biofilm metabolic substrates
attached to activated carbon. The substrates were first adsorbed on the
pores on the outer surface of activated carbon [33], and it was partially
degraded by the biofilm and then diffused into the micropores inside the
activated carbon [34], although the bacteria attached to the activated
carbon could not enter the micropores. The extracellular enzymes secret
by the activated carbon could easily diffuse into the micropores [35].
Under the action of external enzymes and micropores, these substrates
partially degraded by the biofilm are further degraded and modified
[36], and then desorbed under the movement of the concentration
gradient and diffused back to the biofilm to obtain further or complete
degradation [37,38]. Therefore, the weight value of activated carbon’s
static adsorption performance of iodine and methylene blue is relatively
large.

With respect to the typical organic metrics, DOC and UVj54 were
chosen as our characterization parameters, where DOC reflects the total
amount of soluble organic matter in water [39], and UVys54 represents
the content of humus macromolecular organic matter in water [40] and
aromatic compounds containing C—C double bonds and C=0 double
bonds. In the dynamic adsorption assay, the detection of DOC and UVas54
in the influent and effluent water of each activated carbon column
provides an insight into the removal power of activated carbon for dis-
solved organic matter and hydrophobicity. Because the dynamic
adsorption assay simulates the daily production of a water purification
plant, it is more convincing, and its weight value accounts for the largest
proportion.
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Table 2
Comprehensive evaluation calculation table.
Activated Ranking  Activated Normalized Normalized Normalized Normalized UVys4 Normalized DOC comprehensive
carbon type carbon iodide adsorption methylene blue hardness value dynamic dynamic evaluation
number value adsorption value adsorption adsorption
Briquetted 1 B1-1 0.582 0.364 0.672 0.999 1.000 1.561
carbon
Briquetted 2 Gl 0.440 1.000 0.373 0.606 0.777 1.150
carbon
Briquetted 3 B1-2 0.462 0.091 0.597 0.638 0.602 0.983
carbon
Cylindrical 4 E3 0.484 0.394 0.821 0.545 0.576 0.955
broken
carbon
Briquetted 5 El 0.625 0.742 0.806 0.418 0.468 0.838
carbon
Briquetted 6 C1l 0.328 0.500 0.448 0.491 0.481 0.808
carbon
Cylindrical 7 B3-2 0.262 0.333 0.522 0.541 0.412 0.779
broken
carbon
Cylindrical 8 F3 0.389 0.636 0.881 0.400 0.420 0.764
broken
carbon
Cylindrical 9 G3 0.592 0.530 0.597 0.382 0.416 0.730
broken
carbon
Cylindrical 10 B3-1 0.152 0.227 0.448 0.473 0.415 0.705
broken
carbon
Broken carbon 11 Cc4 0.355 0.333 0.560 0.425 0.316 0.643
Cylindrical 12 Cc3 0.473 0.061 0.448 0.369 0.299 0.565
broken
carbon
Broken carbon 13 E4 0.178 0.045 0.791 0.340 0.337 0.576
Cylindrical 14 A3 0.496 0.182 0.825 0.284 0.296 0.556
broken
carbon
Cylindrical 15 A2 1.000 0.530 0.837 0.068 0.250 0.460
carbon
Cylindrical 16 D3 0.703 0.636 0.791 0.097 0.156 0.390
broken
carbon
Broken carbon 17 G4 0.549 0.197 0.000 0.103 0.255 0.325
Cylindrical 18 Cc2 0.273 0.000 0.485 0.139 0.212 0.322
carbon
Cylindrical 19 G2 0.606 0.879 0.746 0.000 0.106 0.297
carbon
Cylindrical 20 E2 0.463 0.136 0.970 0.008 0.000 0.163
carbon
Cylindrical 21 F2 0.000 0.273 1.000 0.016 0.029 0.159
carbon
1.8 1
1.6 I The normalized average static adsorption Table 3
- The normalized average dynamic adsorption . . .
B e normalized average hardness Comparison of properties of four types of activated carbon.
e I verage comprehensive scoring Activated Advantages Disadvantages
1.24 carbon
category
£ 1.0
8 Briquetted Best static adsorption capacity and Slightly weaker in
? 0.8 carbon dynamic adsorption capacity; hardness
Highest comprehensive performance
0.6+ evaluation
Cylindrical High hardness and better static Weak dynamic
0.4 carbon adsorption capacity adsorption capacity
Cylindrical Good comprehensive performance Indicators with no clear
0.24 broken evaluation advantage
carbon
0.0 - Broken carbon Good dynamic adsorption capacity Weak static adsorption
Briquetted carbon ~ Cylindrical broken carbon  Broken carbon Cylindrical carbon capacity; Weak
hardness

Fig. 7. Comprehensive scoring of four types of activated carbon.



Y. Zhou et al.

Journal of Water Process Engineering 40 (2021) 101931

Table 4
Five kinds of activated carbon pore size and surface area parameters.
Activated carbon Average BET specific The Specific surface The Specific surface The total Micropore Mesoporous Comprehensive
type pore size area/m? g 7! area of micropores/ area of mesoporous/ pore volume volume evaluation
/nm m?g! m?g! volume /m> g1 /m> g1
/m3 gfl
B1-1 (Briquetted 2.306 1008 804 275 0.581 0.319 0.177 1.561
carbon)
E3 (Cylindrical 2.021 1036 510 514 0.536 0.212 0.212 0.955
broken carbon)
C4 (Broken 1.966 1063 600 485 0.523 0.242 0.180 0.643
carbon)
A2 (Cylindrical 1.941 1104 614 527 0.520 0.240 0.166 0.460
carbon)
F2 (Cylindrical 1.805 1007 718 294 0.454 0.288 0.094 0.159
carbon)

In hardness characteristics analysis, the activated carbon was rub-
bed, and activated carbon with low strength was prone to cracking
during the backwashing process. The pollutants adsorbed by the acti-
vated carbon were released into the water, resulting in water quality
degradation. Therefore, the hardness of the activated carbon, i.e., the
friction resistance of the activated carbon, should also be given sufficient
attention. However, since the hardness values of the 21 types of acti-
vated carbon in this study were not much different, the weight value of
the specific gravity is smaller than that of static adsorption and dynamic
adsorption.

We have ranked the weights of the three index factors, dynamic
adsorption performance > static adsorption performance > hardness
characteristics, and through the analytic hierarchy process [41-44], the
following table was obtained:

Static adsorption Dynamic Hardness
performance adsorption characteristics
performance
Static adsorption 1 1/2 3
performance
Dynamic 2 1 3
adsorption
performance
Hardness 1/3 1/3 1
characteristics

The eigenvectors, maximum eigenvalues, CI values, etc., were
analyzed and calculated. The final weight distribution result was ob-
tained as Fig. 6 shown.

3.4.2. Comprehensive evaluation results

According to the granular activated carbon optimization model, the
total score of 21 kinds of activated carbon was calculated, as showed in
Table 2.

The total score range of 21 kinds of activated carbon was
0.159-1.561, and the average value was 0.654. Briquette carbon (B1-1)
had the highest normalized score in this category because of its good
dynamic adsorption performance, which played an integral part in the
model with a weighting of 53 %. In contrast, the performance of cylin-
drical carbon (F2) was particularly unsatisfactory, as it ranked last in
both static and dynamic adsorption performance, even though it had the
best hardness properties.

The average comprehensive score of the four types of activated
carbon was shown in Fig. 7. The order was briquetted carbon > cylin-
drical broken carbon > broken carbon > cylindrical carbon. A visual
comparison of the performance advantages and disadvantages of the
four types of activated carbon we selected is shown in Table 3.

3.5. Validation of the comprehensive evaluation model for activated
carbon water purification performance

Based on the results of the comprehensive Evaluation Ranking, the

sample of activated carbon with the highest overall rating in each
category (B1-1, E3, C4, A2) which belong to briquetted carbon, cylin-
drical broken carbon, broken carbon, and cylindrical carbon, respective,
and the one at the bottom of the ranking of 21 activated carbons (F2),
which were selected for physical and chemical property analysis.

3.5.1. Pore size and surface area parameters

The BET surface area and pore size distribution of five kinds of
activated carbon numbered B1-1, E3, C4, A2, and F2 were tested, and
the results were shown in Table 4.

The average pore diameter of five kinds of activated carbon was
between 1.8-2.3 nm. As it ranked first in the total score, the average
pore diameter of B1-1 (briquetted carbon) was higher than other acti-
vated carbon. Data statistics showed that the average pore size of acti-
vated carbon was related to the total score (P<0.01). The larger the
average pore size, the higher the comprehensive score ranking.

The BET surface area of the five activated carbon types was com-
parable, with the largest surface area being A2 (cylindrical carbon) at
1104 m?/ g and the smallest being F2 (cylindrical carbon) at 1007 m?/ g.
The ranking order of the surface area was A2 (cylindrical carbon)>C4
(broken carbon)>E3 (cylindrical broken carbon)>B1-1 (briquetted
carbon)>F2 (cylindrical carbon).

The differences in total pore volume were noticeable. The largest
total pore volume was 0.581 m>/g for briquetted carbon B1-1 (bri-
quetted carbon), and the smallest was 0.454 m>/g for F2 (cylindrical
carbon). The order of total pore volume was B1-1 (briquetted carbon)>
E3 (cylindrical broken carbon)>C4 (broken carbon)>A2 (cylindrical
carbon)>F2 (cylindrical carbon).

The five kinds of activated carbon mentioned above had well-
developed micropores, but there is a wide variation among the acti-
vated carbon types, B1-1 (briquetted carbon) had the largest micropore
surface area of 804 mz/g, and E3 (cylindrical broken carbon) had the
smallest micropore volume of 510 m2/g, B1-1 (briquetted carbon) had
the largest micropore volume of 0.319 m%/g and E3 (column broken
carbon) had the smallest micropore volume of 0.212 m3/g. The largest
mesopore-specific surface area was A2 (cylindrical carbon) with
527 mZ/g, and the smallest was B1-1 (briquetted carbon) with 275 m?/
g. The largest mesopore volume was E3 (cylindrical broken carbon) with
0.212m%/g, and the smallest was F2 (cylindrical carbon) with
0.094 m%/g.

3.5.2. The surface functional group of activated carbon

The Fourier transform infrared spectrometry was used to analyze the
surface functional groups of activated carbon qualitatively. As shown in
Fig. 8, it demonstrated that the infrared spectra of A2, B1-1, C4, and E3
were similar, with absorption peaks near 1600cm~! and
3250—3600 cm 1. The absorption peak at 1600 cm ™! might be caused
by C=0 of non-conjugated ketones, carboxyl groups, or lactone groups.
The absorption peak near 3250—3600 cm ™' was dense and obvious. The
absorption peak near 3250 cm™! might be caused by crystallization
water, the absorption peak at 3400 em! mainly resulted from the
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Fig. 8. Fourier infrared spectrum of five kinds of activated carbon.
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Table 5
Five kinds of activated carbon surface functional group content.
Type of activated carbon Carboxy group Lactones group Phenolic hydroxyl group Acidic groups comprehensive
/mmol g~* /mmol g~! /mmol g~! /mmol g~! evaluation
B1-1 (briquetted carbon) 2.895 0.192 0.902 3.988 1.561
E3 (cylindrical broken 2.949 0.507 0.325 3.781 0.955
carbon)
C4 (broken carbon) 2.977 0.632 0.143 3.753 0.643
A2 (cylindrical carbon) 1.946 0.183 0.639 2.768 0.460
F2 (cylindrical carbon) 1.632 0.406 0.234 2.271 0.159
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stretching vibration of —OH, which might be a carboxyl group and
phenolic hydroxyl group, the absorption peak at 3640 cm™! was pri-
marily driven by structured water. In addition to the absorption peak,
the F2 spectrum also had an absorption peak near 2000 cm™! which
arose from C=C.

According to the Boehn titration method [26-28], the content of
surface functional groups in five activated carbon materials was shown
in Table 5. It indicated that the content of acidic oxygen-containing
functional groups in descending order was B1-1 (briquetted carbon)>
E3 (cylindrical broken carbon)>C4 (broken carbon)>A2 (cylindrical
carbon)>F2  (cylindrical carbon). The content of acidic
oxygen-containing functional groups of activated carbon correlated with
the total score. The contents of the carboxyl group, lactone group, and
phenolic hydroxyl group between different activated carbons were quite
different. The carboxyl group content was sorted as C4 (broken
charcoal)>E3 (cylindrical broken carbon)>B1-1 (briquetted carbon)>
A2 (cylindrical carbon)>F2 (cylindrical carbon), and the lactone group
content was in the order of C4 (broken carbon)>E3 (cylindrical broken
carbon)>F2 (cylindrical carbon)>B1-1 (briquetted carbon)>A2 (cylin-
drical carbon), the phenolic hydroxyl group content in descending order
was B1-1 (briquetted carbon)>A2 (cylindrical carbon)>E3 (cylindrical
broken carbon)>F2 (cylindrical carbon)>C4 (broken carbon).

In summary, according to the analysis of the physical and chemical
properties of activated carbon, there is no obvious difference in the
specific surface area and the types of surface functional groups among
the five types of activated carbon. The overall score of activated carbon
based on the evaluation model developed in this study was correlated
with the average pore size of activated carbon (P < 0.05). In other
words, the higher the composite score was, the larger the average pore
size was. Besides, the overall score correlates with the size of the total
pore volume and the amount of acidic oxygenated functional groups on
the surface. The total pore volume and acidic oxygenated functional
group content show an increasing trend as the overall score increases.

4. Conclusion

The objective of this research was to develop a comprehensive
evaluation model for the water purification performance of activated
carbon, which based on its static adsorption (iodine adsorption and
methylene blue adsorption), dynamic adsorption (DOC and UVgs4
removal efficiency), and hardness (abrasion resistance), and to define a
selection method to select the optimal carbon from among the various
activated carbon types. It had been proved that the overall score of
briquetted carbon was higher than the other three types of activated
carbon. The developed evaluation model was validated by the physical
and chemical properties of the activated carbon. It had been demon-
strated that the comprehensive evaluation model developed in this study
has a remarkable relationship to the average pore size of the activated
carbon (P < 0.05). The validity of the comprehensive evaluation model
was demonstrated by the specific correlation of the total score of the
total pore size and the surface acidic oxygen functional group content of
the activated carbon. It means that the higher the composite score was,
the larger the average pore size was and the larger the total pore size and
the surface acidic oxygen functional group content of the activated
carbon was. This method of optimized selection could provide theoret-
ical and practical support for the carbon selection step in the O3-BAC
treatment process.
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