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Abstract 
Arsenic and fluoride are co-existing contaminants commonly found in 
groundwater used for drinking water supply and often exceeding drinking wa-
ter maximum contaminant levels of 10 µg/L and 4 mg/L, respectively. Adsorp-
tion and coagulation followed by filtration are technologies used for treat-
ment. The USA-EPA has identified alumina adsorption as the best available 
technology. While arsenic removal with activated alumina was not pH-de-
pendent in this study, fluoride removal was pH dependent, with an optimal 
range between 5.0 - 6.0. A bench study was conducted comparing sulfuric acid, 
hydrochloric acid, and carbon dioxide as alternatives for pH adjustment. 
While arsenic and fluoride removal were independent of chemicals used for 
pH adjustment, the costs of pH adjustment with carbon dioxide and sulfuric 
acid were similar for the site considered, indicating that carbon dioxide can be 
a safer and better alternative for pH adjustment if a carbon dioxide generating 
facility is closer to treatment site. 
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1. Introduction 

The co-existence of arsenic and fluoride in groundwater used as a drinking water 
supply is well-documented worldwide [1]-[3]. Global health concerns associated 
with these constituents have been recognized and tracked for more than six dec-
ades [4]. The World Health Organization (WHO) published international stand-
ards for drinking water as early as 1958 and identified arsenic as one of five toxic 
substances and provided a maximum allowable concentration in drinking water 
of 0.2 milligrams per liter (mg/L) [5]. WHO has also listed specific chemical sub-
stances which may affect health if present at concentrations greater than definite 
limits, which also includes fluoride with a limit of 1.0 to 1.5 mg/L. Higher concen-
trations of fluoride in drinking water are associated with dental fluorosis in chil-
dren [5]. In the United States (USA), the Environmental Protection Agency (EPA) 
regulates fluoride at a maximum contaminant level (MCL) of 4 mg/L with a sec-
ondary MCL of 2 mg/L [6]). More recently, a federal judge ordered the EPA to 
further regulate fluoride in drinking water after a lawsuit arguing that fluoride 
poses an unreasonable risk for neurological development in children [7].  

Fluorine is plentifully present in the earth crust and forms minerals in soils and 
sediments. There are various pathways for fluoride accumulation in surface and 
groundwater sources [8]. Podgorski and Berg conducted a global analysis and pre-
diction on fluoride in groundwater and created a hazard map, which indicated 
hotspots for fluoride in central Australia, western North America, eastern Brazil 
and several areas in Africa and Asia [9]. 

Like fluoride contamination, researchers have created tools, such as maps and 
prediction models for estimating the arsenic concentration in groundwater glob-
ally, noting hotspots in countries like Argentina [10], China [11], India [12], Mex-
ico [13], and the USA [14] [15]. Further, studies have indicated that more than 
100 countries are affected by fluoride contamination in groundwater [16] and 50 
countries by arsenic [17]. 

Co-existence of arsenic and fluoride in groundwaters is well documented [18]-
[22]. Currell et al. studied the Yuncheng Basin in China and observed higher con-
centrations of arsenic and fluoride in agriculturally impacted shallow groundwa-
ter, but the deeper groundwater did not have significant impacts from anthropo-
genic sources [23]. Bondu et al. assessed source and distribution of arsenic and 
fluoride in groundwater from southern Quebec, Canada and concluded that fluo-
ride concentrations are closely tied to calcium concentrations, and higher arsenic 
concentrations are not directly related to sulfide oxidation, rather from reductive 
dissolution of iron and manganese oxyhydroxides [24]. The USA Geological Sur-
vey has conducted a detailed investigation in the Newark Basin, Southeastern 
Pennsylvania to understand the elevated arsenic and fluoride concentration in the 
groundwater [25]. Alcaine et al. reviewed the hydrogeochemical controls on the 
mobility of arsenic and fluoride in shallow aquifers of the northeastern La Pampa 
Province in Argentina and concluded that higher arsenic concentrations were as-
sociated with geochemical reactions, hydrogeological characteristics of the local 
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aquifer, and climatic factors [26]. 
The health hazards associated with fluoride are predominantly dental and skel-

etal fluorosis [27] although more recent studies are pointing to risks to neurolog-
ical development in children [28] [29]. Arsenic, on the other hand, is a carcinogen 
and has various health effects based on the duration of exposure. Noting that the 
coexistence of arsenic and fluoride in groundwater is well documented, the haz-
ards associated with co-contaminated drinking water is a concern [13] [30]-[32] 
because they may function independently or synergistically or antagonistically to 
one another [33]. In animal studies, co-exposure of arsenic and fluoride, even at 
low concentrations resulted in decreased comet tail and detrimental effects on liv-
ers and kidneys [34]-[36]. Thus, co-existence of fluoride and arsenic in ground-
water and drinking water necessitates an evaluation of treatment methods for 
their simultaneous removal. 

The most common treatment processes for fluoride removal are membranes, 
coagulation/precipitation, ion-exchange, electrochemical treatment, and adsorp-
tion [37]. Similarly, arsenic removal can be achieved by pre-oxidation, pH adjust-
ment, ion-exchange, adsorption with activated alumina, reverse osmosis, and en-
hanced lime softening [38] [39]. Because there is much overlap in the treatment 
processes for the removal of individual elements, the same treatment processes 
have also been evaluated for simultaneous removal of these two constituents from 
groundwater [30]-[32] [40]-[43]. Among the various treatment options, activated 
alumina adsorption has received significant interest among researchers for arsenic 
and fluoride co-removal. Researchers have documented that adsorption is a cost-
benefit technique for simultaneous removal of arsenic and fluoride from water 
[44]. 

Concurrent removal of arsenic and fluoride with activated alumina is depend-
ent on the operational pH, regardless of the concentrations of these constituents 
in the water [32] [42] [45]. Fluoride is effectively removed at lower pH (4.5 to 6.5) 
[46], while arsenic (V) is most effectively removed at pH ranges 6 to 8 [47] with 
arsenic (III) removal being independent of pH [48]. Lakshmanan et al., have eval-
uated arsenic removal (both V and III) with aluminum, iron, titanium and zirco-
nium coagulants and reported that iron coagulant is the most cost effective in re-
moval or arsenic in pH ranges 6.5 to 8.5 [48]. Design of activated alumina adsorp-
tion treatment processes typically include pH reduction of source water with sul-
furic acid, prior to adsorption [49]. The primary reason for selection of this min-
eral acid is the more moles of hydrogen ion per mole of sulfuric acid compared to 
monovalent mineral acids, such as hydrochloric acid. Carbon dioxide gas can be 
a simple, safe, and affordable alternative to mineral acids for pH adjustment, es-
pecially when total dissolved solids (TDS) are of concern. Further, adding a min-
eral acid in the pre-treatment step increases the concentration of TDS. For exam-
ple, chloride and sulfate concentration will increase when using hydrochloric acid 
and sulfuric acid, respectively. These ions can compete for adsorption sites on ac-
tivated alumina making the adsorption process less efficient. 
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To our knowledge, there is limited information on the use of carbon dioxide at 
drinking water facilities for simultaneous removal of arsenic and fluoride. This 
study evaluated the impact of the type of acid used for pH adjustment on arsenic 
and fluoride removal from a groundwater source using activated alumina. The 
effectiveness of each acid type on arsenic and fluoride removal was assessed by 
considering the acid addition rate, alkalinity changes, impact of competing ani-
ons, and optimal pH. Further, a cost-benefit analysis of acid selection for pH ad-
justment was conducted. 

2. Materials and Methods 
2.1. Groundwater 

Ground water samples were collected from the entry point into the distribution 
system (prior to disinfection) of a groundwater treatment facility in Arizona. Sam-
ples were stored at 4 degrees Celsius (˚C) and brought to room temperature (20-
25˚C) prior to testing. 

2.2. Activated Alumina 

ActiGuard® Fluorograde Activated Alumina, with a mesh size of 14 × 28, was pur-
chased from Delta Adsorbents. The activated alumina was rinsed with 18-ohm 
water (generated from Millipore Sigma IQ 7005 water purification system) fifteen 
times to remove small particles (fines). The cleaned media was dried at 105˚C 
overnight before the testing. 

2.3. Analytical Methods 

The groundwater and activated alumina treated water samples were filtered 
through 0.45-micron filter paper using vacuum filtration prior to analysis. Filtered 
samples were analyzed for fluoride, chloride, nitrate, and sulfate using ion chro-
matography (IC) [AG18-Fast-4 micron RFIC 4 * 30 mm and Separation column 
Dionex IonPac AS18-fast-4 micron RFIC 4 * 150 mm] on a Thermo Fisher Dionex 
Integrion HPICTM System. Duplicate samples were analyzed with quality control 
samples with each batch of ten samples. Quality control samples included a labor-
atory blank, laboratory control standard, and laboratory spike sample. Thermo 
Scientific’s Dionex Six Anion-II standard (P/N 057590) was used to prepare la-
boratory control standards and to develop a five-point calibration curve. Analysis 
of total organic carbon (TOC) and dissolved organic carbon (DOC) was con-
ducted using a Sievers M9 Laboratory TOC Analyzer. Unfiltered samples were 
analyzed for TOC and samples filtered through 0.45-micron syringe filters were 
analyzed for DOC. Hach TNTplus 843 test kits (range 0.05 - 1.50 mg P/L) were 
used for orthophosphate analysis with Method 10209/10210 (equivalent to 
USEPA Method 365.3). Hach Silica Powder Pillows (range 1 - 100 mg/L as SiO2) 
were used for silica measurement using Method 8185. TDS was measured accord-
ing to Standard Methods 2540 C. 

Arsenic was analyzed using inductively coupled plasma-mass spectrometry fol-
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lowing USEPA Method 6020, to capture the low level (µg/L) concentrations in 
samples. The samples were filtered through 0.45-micron filter paper using a vac-
uum filtration apparatus and acid-preserved prior to the analysis. 

Alkalinity was analyzed using Hach TNTplus 870 test kits, with a range of 25 - 
400 mg/L as calcium carbonate (CaCO3), using Method 10239. Bicarbonate con-
centration was calculated from total alkalinity using the equation provided in the 
Standard Method 4500-CO2. 

2.4. Batch Adsorption Experiment 

Each batch adsorption experiment was conducted using 500 mL of pH-adjusted 
source water placed in high density polyethylene (HDPE) bottles at room temper-
ature (20 - 25˚C). The optimum amount of activated alumina required, and the 
mixing time were evaluated by preliminary testing. 

After measuring initial pH, temperature, and alkalinity of the groundwater, 
samples were aliquoted into HDPE bottles and pH was adjusted to 5.5 to 7.5 (Ta-
ble 1), except the control sample. A 1 normal (N) hydrochloric acid solution, 1 N 
sulfuric acid solution, and carbonated water were used for adjusting sample pH. 
All experiments were conducted in duplicate. Both mineral acids, hydrochloric 
and sulfuric, were obtained from Fischer Chemicals, and carbonated water was 
supplied by Burnett-Inc, which contained approximately 2,000 mg/L we carbon 
dioxide. Alkalinity was also measured in the pH adjusted samples. 

Bottles were leak-tested and placed on an Eberbach E6145 orbital shaker at 150 
rotations per minute (rpm) for 180 minutes (50, 51). After mixing the treated wa-
ter was filtered through 0.45-micron filters and analyzed for parameters described 
in Section 2.3. After treatment with activated alumina adsorption, the pH of the 
water was adjusted with 0.1 N sodium hydroxide to match the initial pH of the 
groundwater. The alkalinity was measured once more, after sodium hydroxide 
addition. 

2.5. Preliminary Evaluation 

To determine the optimum activated alumina dose required, a preliminary evalu-
ation was conducted at a constant mixing time of 180 minutes, constant mixing 
speed of 150 rpm, and an adjusted initial pH of 6 (with hydrochloric acid). Acti-
vated alumina concentrations evaluated were 0.1, 0.5, 1, 2, 3, 5, 7.5 and 10 g/L and 
experiments were conducted in duplicate. Results showed a diminishing efficiency 
of treatment after 5 g/L activated alumina, where fluoride removal plateaued 
above 7 g/L (Figure 1). Therefore, 5 g/L of activated alumina was chosen for fur-
ther testing (considered optimum) for simultaneous removal of fluoride and ar-
senic. 

Following optimization of the activated alumina dose, pH optimization was 
conducted with initial pH values of 5.5, 6.0, 6.5, 7.0 and 7.5 with 5 g/L of activated 
alumina, using a mixing time of 180 minutes, and mixing speed of 150 rpm. Ex-
periments were conducted in duplicate. Results confirmed the pH dependance of 
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fluoride removal, however, arsenic removal was independent of pH within the 
range evaluated; notably, in this case study, the observed initial concentration of 
arsenic in the groundwater was comparatively lower than other studies (Figure 
2). With the maximum fluoride removal observed at pH 5.5, its removal efficiency 
declined with increasing pH and plateaued after pH 7.0. 

 

 
Figure 1. Fluoride removal percentage with respect to activated alumina dosage. 

 

 
Figure 2. Fluoride and arsenic removal with respect to pH. 

 
Mixing time ranges were evaluated after the activated alumina dose (5 g/L) and 

initial pH of 6.0 were optimized. The mixing/contact times evaluated were 7.5, 15, 
30, 60, 90, 120, 180 and 240 minutes. Both arsenic and fluoride removal increased 
with the mixing time (Figure 3). Table 1 summarizes all the preliminary testing 
tests carried out. 
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Figure 3. Fluoride and arsenic removal with respect varying contact time. 

 
Based on these preliminary evaluations, further experiments were conducted 

with 5 g/L of activated alumina, at a mixing time of 180 minutes and mixing speed 
of 150 rpm. 

 
Table 1. Preliminary testing. 

Step 1: Test to determine optimum amount of activated alumina 
Test 

number 
Activated  

alumina dose (g/L) 
Mixing time 

(minutes) 
Adjusted pH 

(s.u.) 
Mixing speed 

(rotations per minute) 
1 0.1 180 6.0 150 
2 0.5 180 6.0 150 
3 1.0 180 6.0 150 
4 2.0 180 6.0 150 
5 3.0 180 6.0 150 
6 5.0 180 6.0 150 
7 7.5 180 6.0 150 
 10.0 180 6.0 150 

Step 2: Test to determine optimum pH 
Test 

number 
Activated alumina 

dose (g/L) 
Mixing time 

(minutes) 
Adjusted pH 

(s.u.) 
Mixing speed 

(rotations/minute) 
8 5 180 5.5 150 
9 5 180 6.0 150 
10 5 180 6.5 150 
11 5 180 7.0 150 
12 5 180 7.5 150 
13 5 180 7.98/as such 150 

Step 3: Test to determine optimum mixing time 
Test 

number 
Activated alumina 

dose (g/L) 
Mixing time 

(minutes) 
Adjusted pH 

(s.u.) 
Mixing speed 

(rotations/minute) 
14 5 7.5 6.0 150 
15 5 15 6.0 150 
16 5 30 6.0 150 
17 5 60 6.0 150 

https://doi.org/10.4236/jep.2025.166030


S. Oza et al. 
 

 

DOI: 10.4236/jep.2025.166030 581 Journal of Environmental Protection 
 

Continued  

18 5 90 6.0 150 
19 5 120 6.0 150 
20 5 180 6.0 150 
21 5 240 6.0 150 

3. Results and Discussion 
3.1. Groundwater Characteristics 

The initial groundwater quality characterization is summarized in Table 2. 
 

Table 2. Groundwater characteristics. 

Parameter Units Range 

pH Standard units 8.0 - 8.2 

Temperature ˚C 24 - 25 

Alkalinity mg/L as CaCO3 62 - 70 

Dissolved organic carbon mg/L as C 1.0 - 1.6 

Calcium mg/L 16 

Magnesium mg/L 1.10 

Sodium mg/L 85.0 

Potassium mg/L 2.20 

Arsenic µg/L 9.9 - 10.0 

Chloride mg/L 61 - 63 

Fluoride mg/L 4.0 - 4.1 

Sulfate mg/L 39 - 43 

Nitrate mg/L 5.7 - 6.2 

Phosphate mg/L 0.61 

Bicarbonate mg/L as CaCO3 61 - 70 

3.2. Type of Acid Used for pH Adjustment and Its Impact on Arsenic  
and Fluoride Adsorption 

Fluoride removal rate was marginally lower when sulfuric acid was used for pH 
adjustment versus hydrochloric acid and carbon dioxide, in the pH range of 5.5 
and 6.5 (Figure 4). As pH approaches a neutral range, fluoride removal is similar 
among the three acids tested for pH adjustment. This is specifically attributed to 
the fluoride removal chemistry, which is predominantly higher at lower pH ranges 
(Figure 4), and not the type of acid used. Rathore et al. observed similar trends 
reporting that below pH of 3.5, the predominant species present is hydrogen flu-
oride, which is non-ionic; and, as pH increases the concentration of fluoride ion 
(F-)—the ionic species—increases and becomes predominant above pH of 5 [42]. 
While arsenic removal was marginally lower with both carbon dioxide and sulfu-
ric acid in comparison to hydrochloric acid, arsenic removal with activated alu-
mina is generally not pH dependent at the concentrations observed in the water 
evaluated in this study (Figure 5). 
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Figure 4. Fluoride removal rates with different acids used for initial pH adjustment. 

 

 
Figure 5. Arsenic removal rates with different acids used for initial pH adjustment. 

3.3. Impact of Alkalinity on the Type of Acid Used for pH  
Adjustment 

Alkalinity was measured after pH adjustment before batch testing and after batch 
testing. Alkalinity decreased significantly post-pH adjustment with both mineral 
acids (Figure 6). Further alkalinity measured after activated alumina treatment 
was lower for mineral acid pH adjusted tests. When initial pH was adjusted to 6, 
the alkalinity prior to activated alumina testing with sulfuric acid was 22 mg/L as 
CaCO3, with hydrochloric acid was 27 mg/L as CaCO3, and with carbon dioxide 
was 65 mg/L as CaCO3 (Figure 6). The observed percent difference in alkalinity 
between carbon dioxide and sulfuric acid treated samples was 195% and between 
carbon dioxide and hydrochloric acid was 141%. Alkalinity marginally decreased 
with carbon dioxide addition, and the observed alkalinity, post-treatment with 
activated alumina, was higher than the initial alkalinity of 70 - 75 mg/L as CaCO3. 

https://doi.org/10.4236/jep.2025.166030


S. Oza et al. 
 

 

DOI: 10.4236/jep.2025.166030 583 Journal of Environmental Protection 
 

This indicates that pH adjustment with carbon dioxide can enhance buffering ca-
pacity through changes in the carbonate buffer system (bicarbonate and carbonate 
ions) in the water. The changes in the buffering capacity depends on the raw water 
characteristics, such as pH, alkalinity and hardness. 

Although alkalinity is not a primary or secondary parameter as part of the Na-
tional Drinking Water Regulations, the recommended alkalinity level in drinking 
water ranges between 75 mg/L to 150 mg/L as CaCO3. Alkalinity, pH, dissolved 
inorganic carbon (DIC) and corrosion inhibitors are the critical water quality pa-
rameters that impact lead and copper release in the distribution system. Further, 
alkalinity, pH, and DIC also impact the corrosion of pipes in the distribution sys-
tem [50]. To prevent pipe corrosion, water treatment plants typically maintain 
alkalinity greater than 20 mg/L as CaCO3 and pH ~ 8 [51]. Given that carbon 
dioxide may help maintain higher alkalinity, pre-treatment with carbon dioxide 
could help address corrosion control in the distribution network. 

 

 
Figure 6. Alkalinity post pH adjustment with different acids used for initial pH adjustment. 

3.4. pH Adjustment Post Activated Alumina Treatment 

Post activated alumina treatment, prior to disinfection, chemicals are added to the 
water to maintain reasonable pH and alkalinity in the distribution system. This is 
achieved by addition of various chemicals (such as caustic, lime, calcium chloride) 
and EPA provides guidance documents on the choice of chemical selection based 
on the water quality [49]. Mimicking full-scale application, pH adjustment after 
activated alumina treatment was evaluated using a 0.1 N sodium hydroxide solu-
tion; the adjustment was performed for samples pretreated with sulfuric acid and 
carbon dioxide. Water pre-treated with hydrochloric acid was not chosen because 
it had a high percentage difference in alkalinity, between the pre and post activated 
alumina treatment. 
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Based on the initial pH, varying amounts of sodium hydroxide were required 
for post-stabilization, as expected (Figure 7). When the initial pH is reduced to 
5.5, 2 ml/L of 0.1 sodium hydroxide were required for sulfuric acid pre-treated 
samples while 9.6 ml/L of 0.1 sodium hydroxide was required for carbon dioxide 
pre-treated samples. But when the initial pH was 6, 1.6 ml/L of 0.1 sodium hy-
droxide was required for sulfuric acid pretreated samples, while 3.6 ml/L of 0.1 
sodium hydroxide was required for carbon dioxide pretreated samples. Because 
carbon dioxide enhances buffering capacity, the amount of sodium hydroxide re-
quired for pH adjustment post-treatment was higher than waters pre-treated with 
sulfuric acid. 

 

 
Figure 7. NaOH requirement post activated alumina treatment for experiments using 
H2SO4 and CO2 for initial pH adjustment. 

3.5. Behaviors of Competing Ions 

Activated alumina can remove other competing anions such as, nitrate, chloride, 
sulfate, etc. To elucidate the effects of competing anions, the removal efficiency of 
other anions, such as chloride, sulfate, nitrate, bicarbonate, and silica were also 
evaluated for the three different pretreatments, used for initial pH adjustment. For 
chloride, no significant removal was observed when initial pH was adjusted with 
sulfuric acid and hydrochloric acid, but with carbon dioxide, ~ 10% chloride re-
moval was observed at a pH of 5.5. Chloride removal decreased with increasing 
pH (Figure 8). The sulfate trend was like chloride where, when pH was adjusted 
with carbon dioxide, higher sulfate removal (45%) was observed at the lower ini-
tial adjusted pH of 5.5, its removal rate decreased with increasing pH. Twenty 
percent sulfate removal was observed at the lower initial pH of 5.5 with both hy-
drochloric acid and sulfuric acid, and sulfate removal decreased with increasing 
pH (Figure 9). 
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Figure 8. Chloride removal rate comparison at various initial pH and with different acids. 

 

 
Figure 9. Sulfate removal rate comparison at various initial pH and with different acids. 

 
In the case of nitrate, no removal was observed when pH was adjusted with 

hydrochloric acid or carbon dioxide, but a 10% removal was observed when the 
initial pH was adjusted to 5.5 with sulfuric acid. The nitrate removal rate de-
creased with increased initial adjusted pH, like that of chloride and sulfate (Figure 
10). The bicarbonate trend was not evaluated when pH was adjusted with carbon 
dioxide because increases in pH would increase the bicarbonate concentration. 
Both sulfuric acid and hydrochloric acid adjusted samples showed 50% - 55% bi-
carbonate removal at the lower initial adjusted pH of 5.5 and like other anions, 
the removal rate decreased with an increase in initial adjusted pH (Figure 11). 
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Figure 10. Nitrate removal rate comparison at various initial pH and with different acids. 

 

 
Figure 11. Bicarbonate removal rate comparison at various initial pH and with different 
acids. 

 
Silica had a different trend compared to the other anions evaluated, which is 

expected because silica solubilizes at higher pH. The removal rate increased with 
an increase in initial adjusted pH from approximately 40% - 60%. Although all 
three acids indicated similar trends in anion removal, the overall removal rates 
were marginally higher with hydrochloric acid (Figure 12). 

Based on these results, it may be concluded that the influence of competing ions 
for active sites on activated alumina can be ranked as bicarbonate > silica > sul-
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fate > nitrate > chloride with sulfuric acid [52]. For hydrochloric acid, bicarbonate 
and silica adsorption was similar and in case of carbon dioxide, silica showed 
higher adsorption in comparison to chloride and sulfate. The added advantage 
observed in these experiments is that along with arsenic and fluoride, 40 to 60% 
silica as SiO2 can be removed from the water with activated alumina adsorption. 
Furthermore, it is important to understand the water quality before activated alu-
mina treatment since the concentration levels of other competing ions can hinder 
removal rates for arsenic and fluoride. 

 

 
Figure 12. Silica removal rate comparison at various initial pH and with different acids. 

 
Post treatment with blended phosphates and pH adjustment with NaOH will 

deliver a required finished water pH. However, to address the ever evolving lead 
corrosion chemical stability of treated water is estimated by alkalinity (in the range 
40 to 80 mg/L as CaCO3), tendency of the water to precipitate calcium carbonate 
(measured as Langelier Saturation Index, LSI; expected to be greater than “zero”), 
and concentration of soluble calcium ions in the water to be in the range of 50 to 
120 mg/L as CaCO3 [53]. These three targets can be achieved by post stabilization 
with lime versus NaOH. 

3.6. Cost Comparison 

To evaluate the cost implications associated with the choice of chemical employed 
for pH adjustment, four chemical supply vendors were contacted to provide pro-
posal costs per pound for hydrochloric acid, sulfuric acid, and carbon dioxide. 
The cost of the chemicals varied marginally around the US and depended on the 
delivery distance from the production site to where the chemical was used. The 
average cost per pound (lb.) of chemical was $0.29 lb. for 37% hydrochloric acid: 
$ 0.24 lb for 93% sulfuric acid and $0.165/lb for liquid carbon dioxide. These costs 
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were used to evaluate the chemical required for a 1 million gallons per day (MGD) 
water treatment plant with the same groundwater quality and the final adjusted 
pH of 6.0 prior to activated alumina treatment. Based on this evaluation, the cost 
of carbon dioxide is comparable to sulfuric acid, which is most used at water treat-
ment plants (Table 3). However, the cost of capital equipment required to deliver 
these chemicals into the treatment process has not been accounted in this evalua-
tion. 

 
Table 3. Cost of chemicals per year for 1 MGD water treatment plant. 

Chemical Daily requirement Yearly cost 
Hydrochloric acid 741 lb/day of 37% $78,000 

Sulfuric acid 392 lb/day of 93% $34,000 
Carbon dioxide 434 lb/day of $33,000 

4. Conclusion 

Three chemicals—carbon dioxide, hydrochloric acid, and sulfuric acid—were 
evaluated for pH adjustment prior to activated alumina adsorption of arsenic and 
fluoride from groundwater. The adsorption of arsenic and fluoride was not influ-
enced by the type of chemical used for pH adjustment. Experiments with carbon 
dioxide indicated enhanced buffering capacity compared to the mineral acids, hy-
drochloric acid, and sulfuric acid. Chemical cost evaluation suggested that carbon 
dioxide costs were comparable to sulfuric acid for this specific site and carbon 
dioxide may be an ideal candidate for pH adjustment with no significant chemical 
cost implications and is a safer alternative in comparison to mineral acids such as 
hydrochloric acid and sulfuric acid. 
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